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ABSTRACT Recently, the development of agile-legged robots that mimic the structures and functions
of biological muscles and tendons of quadruped mammals has attracted significant attention. The driving
force of muscles and the elastic force of muscles and tendons can help improve the performances of these
robots. Thus far, most of these robots have been developed based on the muscle-tendon complex of the lower
legs. However, some mammals have a larger muscle-tendon complex on the upper legs, which contributes
significantly to agile movements. In this study, a legged robot that mimics the functions of the bi-articular
muscle-tendon complex of the thigh was developed, and its effects on static and dynamic movements were
verified through simulations and experiments. While maintaining a static posture, the transfer of torque
between two joints in the thigh mechanism reduced the power consumption by the robot’s motors by half,
used for balancing the gravity of the robot. For a dynamic vertical jump, the motion trajectory generation for
the robot was performed using non-linear optimization to maximize the jump height. As a result, the jump
height was significantly enhanced by the effect of the thigh mechanism, and the height was more than twice
the leg length.

INDEX TERMS Bi-articular muscle-tendon complex, biomimetics, jump movement, legged robot, motion
control.

I. INTRODUCTION
Among the quadruped mammals, felines particularly enable
agile performances. For example, a cheetah is the fastest
mammal on land and is known to run at a maximum speed
of 29 m/s [1]. Similarly, a cat can jump over a large obstacle
with a run-up that combines speed and agility. These per-
formances by the animals are achieved through the effective
utilization of the muscles and tendons [2], [3]. Moreover,
the animals dynamically adjust the tensions of multiple mus-
cles to provide an optimal output [4]. It is considered that
applying a tensegrity mechanism to a legged robot can opti-
mize the structural dimensions, mechanical strength, mass
distribution, and energy consumption of the legs. Therefore,
agile-legged robots that mimic the structure and functions of
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biological muscles and tendons have been developed world-
wide.

To enable various motions, robots need to exhibit delicate
controllability. Hence, the number of legged robots using
electromagnetic motors with good controllability has been
increasing year by year [5]–[9]. The MIT Cheetah [10]–[13]
has a leg mechanism that delivers a low reduction ratio and
high back-drivability, as it is equipped with high torque den-
sity electromagnetic motors. This enables it to jump over
obstacles and perform different gaits, such as trotting, bounc-
ing, and galloping. This research has realized the driving
function of the muscles through the effective use of the
motors. However, it does not realize the elastic elements
of the muscles and tendons of mammals. The Cheetah-cub
[14], [15], which is a small robot with a leg mechanism
that mimics that of a mammal, has an elastic element and
realizes an efficient trot gait. However, the leg extension is
only passively performed by the elastic element; thus, it is not
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suitable for dynamic movements, such as jumping and fast
running.

Among the one-legged robots that have elastic elements
that mimic the structure of the muscles and tendons of mam-
mals, some robots have an elastic mechanism that extends
the knee joint to enhance performance. In [16], the robot
has both series-elastic actuation (SEA) and parallel-elastic
actuation (PEA) mimicking the tendons between the two
joints of the knee and ankle. Although the mechanisms are
sufficiently effective in consuming electrical energy in static
motion, their effectiveness in dynamic motion has not yet
been demonstrated. In addition, legged robots with elastic
elements in the lower limb have been studied in [17] and [18].
The effectiveness of robots with elastic elements has been
shown by verification in dynamic motions, such as jumping
and vertical falling. However, their movements are not opti-
mized and the elastic elements may not be fully utilized.

In our laboratory, research is being conducted to apply
the functions of both muscles and tendons for dynamic
motions to develop a more agile robot. Focusing on the
musculoskeletal structure of feline mammals that move
instantaneously, a leg ‘‘Sugoi-Neco Legs’’ that mimics the
muscle-tendon complex between the knee and ankle joints
was developed [19]. In mammals, the muscle-tendon com-
plex is composed of the gastrocnemius muscle, which is a
bi-articular muscle, and the achilles tendon. This complex
acts cooperatively on the knee flexion and ankle extension
and contributes to shock absorption at landing and kicking
during jumping and running. The Sugoi-Neco Legs has a
four-bar closed-link mechanism, which is termed as the elas-
tic four-bar linkage mechanism (EFLM) between the knee
and ankle joints. The elastic link enables the transfer of
torque between the two joints as well as the storage and reuse
of elastic energy. A small quadruped robot ‘‘Sugoi-Neco’’
equipped with the leg mechanism has realized stable run-
ning at 3.5 km/h and jumping forward by one body
length [20].

In addition to themuscle-tendon complex between the knee
and ankle joints, a muscle-tendon complex in the thigh of
mammals is known to contribute significantly to dynamic
performances. The thigh muscle-tendon complex is signifi-
cantly large in the upper leg [1]. This complex acts on the
hip flexion and knee extension. Because a large torque is
required for extending the knee joint both for maintaining
the posture in the stance phase and for kicking on the ground
in dynamic motions, both static and dynamic performances
of a legged robot may be improved by introducing the thigh
muscle-tendon complex.

In this study, a mechanism that mimics the functions of
the thigh muscle-tendon complex is introduced in a legged
robot to enhance its performances during both the static
and dynamic movements. It has been verified that the thigh
mechanism, which is different from the EFLM developed
in our previous study, reduces the power consumption by
maintaining the posture and improves the ability to jump by
increasing the torque to extend the knee joint.

FIGURE 1. Mammal’s hindlimb.

FIGURE 2. Schematic diagrams of legged mechanisms with and without
the function of the thigh bi-articular muscle-tendon complex.

The rest of this paper is organized as follows. In Section II,
the functions and contributions of the biological thigh
muscle-tendon complex are described, and a mechanism that
mimics this complex is proposed. Subsequently, the details
of the prototype of the legged robot with the proposed mech-
anism are presented. In Section III, the effect of the static
motion of the leg with the thigh mechanism is verified. The
contribution of the thigh mechanism to weight compensation
is indicated by the results of the statics calculation and exper-
iment. In Section IV, motion generation of the legged robot is
demonstrated to achieve a higher jump height by utilizing the
thigh mechanism based on non-linear optimization. Through
simulation, it is shown that this mechanism can contribute to
enhancing the jump height. The contribution of this mech-
anism is also verified through experiments. Section V con-
cludes the results and future research directions.

II. LEGGED ROBOT WITH BI-ARTICULAR
MUSCLE-TENDON COMPLEX
A. MUSCULOSKELETAL STRUCTURES OF
QUADRUPED MAMMAL
As shown in Fig. 1, there exists a significantly large
bi-articularmuscle-tendon complex in the thigh of the felidae.
The muscle-tendon complex is composed of a bi-articular
muscle called the rectus femoris and tendons attached to the
ends of the muscle. The rectus femoris enables the transfer
of torque between the hip and knee joints, and acts on the
hip flexion and knee extension. Moreover, the muscle-tendon
complex can store and reuse elastic energy using its elasticity.
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B. LEG MECHANISM WITH THIGH BI-ARTICULAR
MUSCLE-TENDON COMPLEX
Fig. 2 shows the schematic diagrams of legged mecha-
nisms with and without the function of the thigh bi-articular
muscle-tendon complex. The driving function of the rectus
femoris is realized by a mechanism using cables and circular
pulleys between the hip and knee joints. This enables the
transfer of torque between the two joints. Moreover, a tension
spring placed between the cables helps store and reuse elastic
energy, such as the elasticity of muscles and tendons. When
the spring is stretched, the torque due to the elastic force is
transferred to each joint. Therefore, it can contribute to the
hip flexion and knee extension.

The spring extension 1l is expressed as (1).

1l = r1(θ10 − θ1)+ r2(θ2 − θ20) (1)

where r1 and r2 are the pulleys’ radii of the hip and knee
joints. θ1 and θ2 are the angles of each joint, and θ10 and
θ20 express the joint angles when the tension spring has a
natural length. If the length is shorter than the natural length,
the cable sags and the spring does not generate an elastic
force. Therefore, the elastic force fs and elastic energy Us are
expressed by (2) and (3), respectively.

fs =

{
k1l + fpre (1l ≥ 0)
0 (1l < 0)

(2)

Us =


1
2
(k1l + 2fpre)1l (1l ≥ 0)

0 (1l < 0)
(3)

where k and fpre represent the spring constant and pretension
of the spring, respectively. The cable tension is always applied
in the tangential direction of the pulleys at each joint, enabling
the transfer of torque to each joint efficiently. Therefore,
the torque of the hip and knee joints obtained by multiplying
the elastic force with the pulleys’ radii is applied to each joint.
The torque due to the elastic force is expressed by (4) and (5).

τs1 = −fsr1 (4)

τs2 = fsr2 (5)

Next, we discuss the difference between the proposed thigh
mechanism and the EFLMdeveloped in our previous research
[19], [20]. The thigh mechanism is located in the upper
leg, whereas the EFLM is located in the lower leg. Both
mechanisms enable the storage and reuse of elastic energy;
however, EFLM can only use the spring passively. In contrast,
the spring in the thigh mechanism can be used both actively
and passively. Another advantage of the thigh mechanism is
that efficient torque transmission is enabled with the use of
pulleys.

C. LEGGED ROBOT
Fig. 3(a) shows a legged robot with the thigh muscle-tendon
complex fabricated by authors. The height of the robot
was 235 mm at the maximum extension of the knee joint, and
its weight was 1103 g. The ranges of motion of the hip and

FIGURE 3. Legged robot with thigh bi-articular muscle-tendon complex.

knee joints were −110◦ ≤ θ1 ≤ 102◦ and 39◦ ≤ θ2 ≤ 129◦.
The hip and knee joints were actively driven by a brushless
DC motor Parker K044050-8Y and a planetary gear reducer
with a reduction ratio of 5 to realize the high back-drivability
of the leg. To achieve agile movements, they were arranged
coaxially to reduce the moment of inertia around the hip joint.
Furthermore, the leg could transfer the torque of the knee
joint’s actuator to the ankle joint by introducing a parallel
link mechanism between the two joints. Therefore, it was
not necessary to mount an actuator on the ankle joint, thus
reducing the weight of the leg.

The tension spring that mimics the function of the thigh
muscle-tendon complex was selected because it can be
installed on the robot and exhibits relatively high rigidity.
The spring constant was 2.1 N/mm. The torque transmission
ratio was determined by the ratio of the pulleys’ radii of
the hip and knee joints; in this case, the ratio was set to
1:1 for simplification and the radii were designed to be r1 =
r2 = 13.5 mm. At the natural length of the tension spring,
the hip and knee joint angles were set to θ10 = 32.5◦ and
θ20 = 39.0◦, respectively.
As shown in Fig. 3(b), the robot was attached to a lin-

ear guide fixed vertically to the ground, and the degree of
freedom was restricted to the vertical translation and rotation
around the Y-axis at the hip joint. Rubber sheets (thickness
1 mm) were attached to the toe and ground to reduce the slip.

III. STATIC EFFECT OF THIGH MUSCLE-TENDON
COMPLEX
First, the effect of the leg with the thigh muscle-tendon
complex was verified for maintaining a static posture during
the stance phase. To maintain the posture of the leg, the joint
motors need to output the torque to obtain a balance with the
weight. In particular, the knee joint constantly requires torque
in the extension direction, resulting in continuous power
consumption. Because the thigh muscle-tendon complex can
output the force in the direction of assisting the knee joint, it is
necessary to investigate its effect on the power consumption
due to the torque assist.
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FIGURE 4. Model in the sagittal plane.

A. KINEMATICS
Fig. 4 shows the model in the sagittal plane. The elastic
mechanism of the thigh was omitted. In the model, all the
link lengths and the inertia of the robot were considered.
In Fig. 4, Lη is the length, Iη is the moment of inertia about
the center of gravity, and mη is the mass of each link. φ
is the body angle, pη = (xη, zη) are the coordinates of the
center of gravity (CoG) of each link in the global coordinate
system, and (xjoint , zjoint ) are the coordinates of each joint in
the global coordinates. The parameters of the model were
calculated from a prototype (3D–CAD) model of the robot
and are shown in Table 1. The weight included the jig weight
for the linear guide used in the experiment. Because the
tension spring and the cables had a sufficiently small mass in
comparison with the mass of the link, the influence of these
masses was ignored.

The coordinates of the model’s CoG pG = (xG, zG) in the
global coordinates are expressed by (6).

pG =

∑4
η=0mηpη∑4
η=0mη

(6)

Then, the coordinates of the body’s CoG p0 = (x0, z0) in the
global coordinates are expressed as (7).

p0 = pG +
1
m0

4∑
η=1

mη(pG − pη) (7)

The distance Lgη from the coordinates of the proximal joint
to the coordinates of the CoG and the rotational angle ψη
from the link axis of each link are expressed by (8) and (9),
respectively.

Lgη =
√
x2gη + z2gη (8)

ψη = arctan
(
zgη
xgη

)
(9)

where (xgη, zgη) represents the relative coordinate of the CoG
of each link to the proximal joint. Therefore, the kinematics
can be solved using (7)–(9) and joint angles, and the coor-
dinates of each joint in the global coordinates are calculated

TABLE 1. Parameters of the model.

as (10)–(13).

phip = p0 +
(
−Lg0 cos(φ + ψ0)
−Lg0 sin(φ + ψ0)

)
(10)

pknee = phip +
(

L1 sin(φ + θ1)
−L1 cos(φ + θ1)

)
(11)

pankle = pknee +
(

L2 sin(φ + θ1 − θ2)
−L2 cos(φ + θ1 − θ2)

)
(12)

ptoe = pankle +
(

(L4 − L5) sin(φ + θ1)
−(L4 − L5) cos(φ + θ1)

)
(13)

The coordinates of CoG of each link in the global coordinates
are also obtained using (14)–(17).

p1 = phip +
(

Lg1 sin(φ + θ1 + ψ1)
−Lg1 cos(φ + θ1 + ψ1)

)
(14)

p2 = pknee +
(

Lg2 sin(φ + θ1 − θ2 + ψ2)
−Lg2 cos(φ + θ1 − θ2 + ψ2)

)
(15)

p3 = phip +


(L1 − L5) sin(φ + θ1)

+Lg3 sin(φ + θ1 − θ2 + ψ3)
−(L1 − L5) cos(φ + θ1)
−Lg3 cos(φ + θ1 − θ2 + ψ3)

 (16)

p4 = pankle +
(

Lg4 sin(φ + θ1 + ψ4)
−Lg4 cos(φ + θ1 + ψ4)

)
(17)

B. MOTOR POWER CONSUMPTION
The motor power consumption Pc is expressed as (18) during
static motion. Note that the same motors were used for the
hip and knee joints.

Pc =
2∑
i=1

iMi2R (18)

where iMi is the current through each joint motor and R is
the internal resistance. The motor torque τMi is expressed
as τMi = KT iMi using the current and the torque constant
KT . Subsequently, (19) can be obtained by substituting iMi =
τMi/KT into (18).

Pc =
R

KT 2

2∑
i=1

τMi
2 (19)

From the equation, it can be observed that the torque
has a squared effect on power consumption. Therefore,
the power consumption can be reduced by decreasing the
torque required to maintain a static posture. In this calcula-
tion, the internal resistance was determined as R = 1.787 �
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and the torque constant as KT = 0.04 Nm/A with reference
to the catalog value of the motor.

In the leg model with the thigh mechanism, the static
relationship between the torque of the hip and knee joints
τA =

[
τa1 τa2

]T and the ground reaction force f =
[
fx fz

]T
is expressed as (20).

τA = −JTf +
(
τs1
τs2

)
(20)

where J is the jacobian J =
[
∂xtoe
∂θ1

∂xtoe
∂θ2

, ∂ztoe
∂θ1

∂ztoe
∂θ2

]
at the

toe to the CoG of the model. In the static posture, when the
CoG of the model is vertically above the toe, the horizontal
ground reaction force fx becomes 0. In addition, the vertical
ground reaction force fz is equal to the magnitude of gravity
due to its own weight; therefore, fz =

∑4
η=0 mηg. g is the

gravitational acceleration.
To verify the effect of the thigh muscle-tendon complex,

the power consumptions in the cases with and without the
mechanism were compared. In the model without the mecha-
nism, the relationship between the torque of each joint τB =[
τb1 τb2

]T and the ground reaction force is expressed as (21).
τB = −JTf (21)

Therefore, the power consumption of each model was
calculated using the motor torque obtained by dividing (20)
and (21) by the reduction ratio, as shown in (22) and (23).

PcA =
R

γ 2KT 2
τA

TτA (22)

PcB =
R

γ 2KT 2
τB

TτB (23)

where γ is the reduction ratio of the joint actuator.
In the verification, the power consumption was calculated

in the posture from the flexed state to the extended state, and
the difference between the cases with and without the thigh
muscle-tendon complex was studied. The toe was placed just
below the hip joint, and the knee joint angle was changed by
1◦ in the motion range. The hip joint angle was adjusted so
that the body’s angle to the ground was φ = 0◦.

C. SIMULATION RESULT OF POWER CONSUMPTION
Fig. 5 shows the total power consumption for the two cases.
The power consumption was reduced by mounting the thigh
muscle-tendon complex in any verified posture, with a max-
imum reduction of 48%. Fig. 6 shows the comparison of the
required torque for each joint’s motor in the two cases. Part
of the load torque of the knee joint was distributed to the hip
joint by mounting the thigh muscle-tendon complex, and the
torque required by the knee joint’s motor could be reduced.
Therefore, it was confirmed that the thigh muscle-tendon
complex has the ability to transfer the torque between the
hip and knee joints, and that the total power consumption
of the motors can be reduced by utilizing the effect of the
muscle-tendon complex in maintaining a static posture.

FIGURE 5. Power consumption.

FIGURE 6. Motor torque.

The difference in the power consumption between the
cases with and without the thigh mechanism is expressed
by (24).

PcA − PcB =
R

KT 2γ 2
(τATτA − τB

TτB) (24)

The amount of reduction in the power consumption is deter-
mined by the difference in the sum of squares of the joint
torque of eachmodel. From (20) and (21), (25) can be derived.

τA
TτA − τB

TτB = 2fs(−r1τb1 + r2τb2)+ fs2(r12 + r22)

(25)
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FIGURE 7. Block diagram of the robot controller.

The power consumption can be reduced by the effect of the
thigh mechanism by varying the spring constant, pretension,
and pulleys’ radii such that (25) yields a negative value.

D. EXPERIMENT AND RESULTS
A demonstration experiment was conducted to confirm the
effect of the thigh muscle-tendon complex on the reduction
in the total power consumption shown by the calculation in
Section III-C. The movement of the robot was limited to the
translational motion in the vertical direction and the rotational
motion around the Y-axis. The robot moved from a flexed
posture to an extended posture. The robot was maintained in
a posture for 5 s, and the joint angles and consumed currents
for the last 1 s were collected and averaged for evaluation.

The block diagram of the control system is shown in Fig. 7.
The torque obtained by dividing (20) and (21) by the reduc-
tion ratio was considered as the feedforward torque, and the
torque due to PD control of the position using the feedback
from the joint encoder was transferred as the feedback torque
to each joint motor, as shown in (26).

τi,ref = τi,ff + Kp(θi,ref − θi)+ Kd (θ̇i,ref − θ̇i) (26)

where i is the joint index (i = 1, 2), and Kp and Kd are the
proportional and derivative gains, respectively. θi and θ̇i are
the angle and angular velocity of each joint, respectively. The
target angles were the joint angles in each posture used in the
calculation, and the target velocities were 0. The feedback
control was operated with a sampling time of 2 ms. The
experiment was performed 10 times for the robots with and
without the thigh mechanism.

The results are shown in Fig. 8. The results were evaluated
as an average of 10 trials. Error bars represent the standard
deviation. It can be seen from Fig. 8(a) that the target posture
could be achieved by both robots.

As can be seen from Fig. 8(b), the total power consumption
could be reduced at any posture as in the calculation result,
and the experimental value was almost in agreement with
the calculated value. Then, by comparing the torque of the
motors of each joint shown in Fig. 8(c), it was determined
that almost all the torque required to maintain the posture
was generated in the knee joint in the robot without the thigh
mechanism. In contrast, the torque of the knee joint could be
reduced by transferring a part of the torque required to main-
tain the posture to the hip joint using the function of torque
transfer in the robot with the mechanism. As a result, the total
power consumption was reduced as in the calculation result.

Therefore, it can be concluded that the power consumption
can be reduced by the thigh mechanism for a real robot.

IV. DYNAMIC EFFECT OF THIGH MUSCLE-TENDON
COMPLEX
Based on the results presented in Section III, the large
muscle-tendon complex was found to be effective in main-
taining a static posture. In this section, the dynamic effect of
the thigh muscle-tendon complex is investigated by consider-
ing the jumping movement.

As an example of motion generation aiming at the maxi-
mum jump, there exists a method of exploratively determin-
ing the optimum motion as an optimization problem. In [9],
the jump height was maximized by optimizing the time vari-
ation of the ground reaction force during the jump in a serial
two-link robot. For the trajectory generation, a simplified
model wherein the mass of the robot is concentrated at one
point of the body was used; however, the effect of the inertia
of each link cannot be ignored in a dynamic motion, such
as a vertical jump. Moreover, when a passive element, such
as a spring, is used in the robot, the dynamics of each link
cannot be ignored because the dynamic behavior of the robot
is dependent on the dynamics of those elements significantly.

In this study, a dynamic model that is as close as possible
to the real environment was developed based on the 3D-CAD
model. As the dynamic model of the robot, a multi-body
model was used, wherein each link contained information
regarding the mass, position of the CoG, and moment of
inertia. The contact with the ground, collision between the
links at the limit of the range of motion, and dynamics of the
actuators were considered in the model.

A. DERIVATION OF EQUATION OF MOTION
The equation of motion was derived using Lagrange’s
method. Lagrangian L is represented by the total kinetic
energy K and the total potential energy U of the model and
given as (27).

L = K − U

=

4∑
η=0

1
2
{mη(ẋ2η + ż

2
η)+ Iηδ

2
η} − (

4∑
η=0

mηgzη + Us) (27)

where δη represents the angular velocity of each link.
Therefore, the equation ofmotionwas derived as (28) using

the Lagrange method.

M(q)q̈+H(q, q̇)+ G(q) = τ + ETf (28)

where q ∈ R5×1 is the generalized coordinate q =
[xG, zG, φ, θ1, θ2]T, M(q) ∈ R5×5 is the inertia matrix,
H(q, q̇) ∈ R5×1 is the centrifugal force and Coriolis force,
G(q) ∈ R5×1 is the potential term, and τ ∈ R5×1 is the
joint torque input by the actuator τ = [0, 0, 0, τ1, τ2]T. ETf
represents the constraint of the model, f is the external force
exerted by the environment, and E is the Jacobian at the
position where the force is given.
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FIGURE 8. Experimental results of posture maintenance.

As the external force applied to the model, the constraint
force from the guide fguide required to maintain the horizontal
position of the hip joint is constantly applied by the guide
during the jump. Moreover, the ground reaction force fx ,
fz applied between the ground and toe is applied during
the stance phase. Therefore, E and f are expressed as (29)
and (30).

E =


[
∂xtoe
∂q

,
∂ztoe
∂q

,
∂xhip
∂q

]T (stance phase),

∂xhip
∂q

(free-fly phase).
(29)

f =

{
[fx , fz, fguide]T (stance phase),
fguide (free-fly phase).

(30)

where xtoe, ztoe, and xhip are the coordinates of the toe and
hip joint, which are shown in Fig. 4 and can be calculated
from (13) and (10).

A reaction torque was set at the limit of joint movement
to consider the contact characteristics of the joint stop. This
is expressed by (31) and can be modeled by adding it to the
joint torque τ of the equation of motion (28).

τr,i =



kp,iεi,m1.2
− kd,iθ̇i (θi < θi,min ∩ θ̇i < 0)

kp,iεi,m1.2 (θi < θi,min ∩ θ̇i ≥ 0)
0 (θi,min ≤ θi ≤ θi,max)
−kp,iεi,M 1.2 (θi > θi,max ∩ θ̇i < 0)
−kp,iεi,M 1.2

− kd,iθ̇i (θi > θi,max ∩ θ̇i ≥ 0)
εi,m = −θi + θi,min

εi,M = θi − θi,max (31)

where θi,min and θi,max are theminimum andmaximum angles
of each joint, respectively. kp,i and kd,i are the coefficients
related to the angle and angular velocity, respectively, and are
determined to ensure that the behavior of the model does not
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TABLE 2. Coefficients for the reaction torque.

considerably differ from that of the robot. The values for each
joint are shown in Table 2.

B. FORWARD DYNAMICS
As shown in Fig. 3(b), the hip joint x coordinate of the
robot xhip does not move in the horizontal direction and the
toe coordinate (xtoe, ztoe) does not move with respect to the
ground during the stance phase. It is assumed that the toe does
not slip during the stance phase. Therefore, if the constrained
positions are set as X = [xtoe, ztoe, xhip]T, dX/dt = Eq̇ = 0
holds. Differentiating the equation with respect to time
yields (32).

Ėq̇+ Eq̈ = 0 (32)

Therefore, if (28) and (32) are coupled simultaneously to
solve the forward dynamics, the force f and the acceleration
q̈ are obtained as (33) and (34), respectively.

f = −(EM−1ET)−1{(EM−1(τ −H − G)+ Ėq̇} (33)

q̈ = {M−1 −M−1ET(EM−1ET)−1EM−1}

×(τ −H − G)−M−1ET(EM−1ET)−1Ėq̇ (34)

The robot’s motion can be described by defining the joint
torque τ using (33) and (34).

C. MOTION TRAJECTORY GENERATION METHOD USING
NON-LINEAR OPTIMIZATION
To determine the motion that maximizes the performance of
the robot from the infinite motion trajectories, the motion
trajectory was generated using the non-linear optimization
simulation. Fig. 9 shows the simulation flow of the trajectory
generation method.

The variation in the torque with time was parameterized
using a B-spline curve, and the motion trajectory was gener-
ated using the optimization function. The motion trajectory
was uniquely determined by inputting the torque as a vari-
able into the equation of motion and calculating the forward
dynamics as shown in Section IV-B. The torque’s trajectory
of each joint was defined by the B-spline curve, as shown
in (35) [21].

τi(t,P i) =
N∑
j=0

pi,jBj,n+1(t) (35)

Equation (35) represents the B-spline curve of degree n. P i is
a control point vector composed of N + 1(N ≥ n) elements
pj(j = 0, 1, · · ·,N ) of joint i, t ∈ [tn, tN ] is an element of a
knot vector that defines a B-spline basis function, and B(t) is
the basis function. In the case of n+1 > 1, the basis function

FIGURE 9. Optimization method.

is expressed as (36).

Bk,n+1(t) =
t − tk

tk+n − tk
Bk,n(t)

+
tk+n+1 − t

tk+n+1 − tk+1
Bk+1,n(t) (36)

Among the n + N + 2 elements of the knot vector, n
elements at both ends were duplicated and the other ele-
ments were defined to increase at equal intervals as shown
by (37) and (38). This was performed to plot an open uniform
B-spline curve that matches the start and end points of the
curve with the elements of the control point vector p0 and
pN .

t := [t0, t1, · · ·, tn, tn+1, · · ·,

tN , tN+1, · · ·, tN+n, tN+n+1] (37)

tk =


0 (k ≤ n),
1 (k ≥ N + 1),
k − n
N − n

otherwise.

(38)

The joint torque required for the robot to maintain its initial
posture was assigned to the first element p0 of the control
point vector. Therefore, the trajectories of the torque could
be generated by arbitrarily defining the control point vector
P i. In this study, n = 3 and N = 13 were determined, and the
control point vectors for each joint were parameterized.

The knot vectors represented by (37) and (38) correspond
to the normalized time axes of the trajectories, and we mul-
tiplied them by the control time (Tcontrol = 0.6 s) which was
determined to make the robot perform the agile movement.
In addition, the B-spline curve is characterized by a function
value that falls within the upper and lower limits of the control
point when a non-decreasing knot vector is used. Therefore,
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the maximum and minimum values of the control points were
set as 80% of the stalling torque of the motor to secure
the torque required for feedback control in the experiment.
After defining a range constraint of −τi,max < P i < τi,max ,
N − 2n + 1 elements in P i of each joint were used as the
design variables. The motor model was used by defining the
upper limit value τul and lower limit value τll of the torque
according to the rotational speed, as shown in (39)–(41).

τll ≤ τM ≤ τul (39)

τul =

τM ,max (ω ≤ ωs)

−
KTKe
R

ω +
KT e
R

(ωs < ω ≤ ωn)
(40)

τll =

−τM ,max (−ωs ≤ ω)

−(−
KTKe
R

ω +
KT e
R

) (−ωn ≤ ω < −ωs)
(41)

τM is the torque of the motor, τM ,max is the maximum torque
of the motor, ω is the angular velocity of the motor, ωs is
the maximum angular velocity that can output the maximum
torque, ωn is the angular velocity at no load, e is the applied
voltage, and Ke is the back electromotive force constant.
Based on the process shown in Fig. 9, a simulation pro-

gram using MATLAB/Simulink was developed to generate
the trajectory of the jump motion by the robot.

In the simulation, the model is initially in the stance phase
at time T = 0. When the vertical ground reaction force is
fz ≥ 0 N, the equation of motion in the stance phase is used
for calculation. If the horizontal ground reaction force fx does
not satisfy (42) during the stance phase, toe slip occurs.

|fx | ≤ µfz (42)

whereµ is the coefficient of the maximum static friction. The
friction coefficient was determined as µ = 0.69, which was
measured between the robot’s toe and the ground. Owing to
the computational resolution in the simulation, (42) was not
satisfied in the vicinity of fz = 0, and the simulation could
not proceed. Therefore, we decided to detect the slip of the toe
only when fz ≥ 5 N. The trial was terminated when the slip of
the toes occurred. The model was considered to take off when
fz < 0 N and the forward dynamics during the free-fly phase
was calculated. Finally, the maximum jump height hmax was
considered in the evaluation function.

Furthermore, the inclination angle was obtained with
respect to the ground normal at the maximum height. Given
α1 = (xhip−xtoe, zhip−ztoe) and α2 = (0, 1), and considering
the inner product of α1 and α2, (43) holds.

cosβ =
α1 · α2

||α1|| ||α2||
(43)

At this time, sinβ is calculated by (44).

sinβ =

{√
1− cos2 β (xhip ≤ xtoe)
−

√
1− cos2 β (xhip > xtoe)

(44)

TABLE 3. Maximum jump height and inclination angle in simulation.

Therefore, the inclination angle at the highest point β was
obtained from (45).

β = arctan(
sinβ
cosβ

) (45)

In this simulation, the fmincon function by MATLAB
was adopted to obtain the minimum value of a non-linear
multi-variable objective function and the interior point
method was set as the optimization algorithm. In the opti-
mization using the non-linear model, the optimization solu-
tion is highly dependent on the initial value. Therefore, a local
optimization was performed with multiple initial values using
the MultiStart function, which is the global optimization
solver of MATLAB, and multiple local optimal solutions
were searched globally. In this study, a global minimum
solution was searched from 100,000 initial values. In the
simulation, the solver ode45 on MATLAB was used, and the
relative error was set to 0.001. The absolute error was set to
be adjusted automatically with an upper bound of 0.001.

The optimization problem is expressed as (46).

min F = w1fh + w2fβ
s.t. Eq̇ = 0, |pi,k | ≤ τi,max (k = 0, 1, · · ·,N ), (39) (46)

where fh and fβ are the normalized maximum jump height
and inclination angle and are represented as fh = (1− hmax)/
(1 − 0) and fβ = β2/(902 − 02), respectively. In addition
to the maximum jump height, the inclination angle was also
included in the evaluation function to obtain a motion tra-
jectory that is easy to experiment with. w1 and w2 are the
weights of the evaluation function and were set to w1 = 0.8
andw2 = 0.2. The initial posturewas set toφ = 0◦, θ1 = 28◦,
and θ2 = 85◦. To verify the effect of the thigh-muscle-tendon
complex, the trajectory generation using the optimization
calculation was performed for models with the mechanism
(Model A) and without the mechanism (Model B).

D. SIMULATION RESULT
As a result of the motion generations, the maximum jump
heights are shown in Table 3, and the motions are shown
in Fig. 10. We observed that both models squatted once and
then took-off. The squatting provides a large vertical accel-
eration at the CoG of the model before takeoff and increases
the vertical extension speed at takeoff.

In Model A, which demonstrates the thigh mechanism,
a higher jump motion was obtained. The height was approx-
imately 2.5 times the leg length. In Model B in Fig. 11(a),
the torque required to extend the knee joint reached the max-
imum torque of the actuator and was saturated before takeoff.
In contrast, the torque of Model A was approximately 1 Nm
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FIGURE 10. Generated vertical jump motions.

FIGURE 11. Simulation results.

greater than the maximum torque of the actuator. As can be
seen from Fig. 11(b), the tension spring extends significantly
from 0.15 s to 0.23 s. This is because a considerable amount
of elastic energy is stored by extending the hip joint and
further extending the tension spring during squatting, which
can be utilized as the torque acting on the knee joint during

extension. The torque that exceeds the maximum torque of
the actuator acts on the knee joint because the torque of
the hip joint is transferred to the knee joint. Therefore, it is
considered that the vertical speed of the CoG increases due to
the increased speed of extending the knee joint and the jump
height is improved.

In Fig. 11(c), it can be seen that Model A can jump using
a larger vertical ground reaction force fz. This is because a
larger torque could be generated in Model A to extend the
knee joint. In terms of the slip of the toe, by comparing fx and
µfz, we observe that there are very few instances wherein (42)
is not satisfied in Model A. Therefore, it is considered that
the slip detection using the threshold fz ≥ 5 N cuts off only
a small part of the stance phase and the calculation using the
threshold is suitable.

In addition, the difference in the energy in the initial state
betweenModel A andModel Bmust be considered. In the ini-
tial state of Model A, the elastic energy of the tension spring
had been already stored. The energy calculated using (3)
is 0.199 J. If all this energy is converted into the potential
energy of the CoG, jump height increased due to the elastic
energy is 18.4 mm. Because the difference in jump heights
between the two models is approximately 130 mm, it can be
concluded that an optimal motion is obtained by utilizing the
thigh mechanism in Model A. Therefore, it can be confirmed
that the thigh mechanism is effective for dynamic motions,
such as jumping.

E. VERTICAL JUMP EXPERIMENT
To confirm the effect of the thigh muscle-tendon complex
in an actual environment based on the simulation result,
the vertical jump experiment was conducted in the environ-
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FIGURE 12. Vertical jump motion in the experiment.

FIGURE 13. Experiment results.

ment, as shown in Fig. 3. The robot motion was limited
to the translational motion in the vertical direction and the
rotational motion around the Y-axis, as in the simulation.
The same control system was used as in Section III-D.
The trajectories of the angle and angular velocity obtained
by the simulation were used as the target values θi,ref and
θ̇i,ref , respectively. The experiment was conducted for the
models with and without the thigh mechanism as in the
simulation.

As a result of the experiments, the maximum jump heights
are shown in Table 4, and the motions are shown in Fig. 12.
In Model A with the thigh mechanism, the jump height was

TABLE 4. Maximum jump height in the experiment.

more than twice the leg length. The slip of the toe was not
observed in both models.

The angle and drive torque of each joint are shown
in Fig. 13. Position feedback torque was required to fol-
low the target angle trajectory due to the influence of the
weight of the wiring and the friction of the linear guide,
which were not taken into consideration during the simu-
lation. The stalling torque was obtained at the knee exten-
sion and it was not possible to generate the torque that
could follow the target angle trajectory by the position feed-
back. Therefore, the jump height was lower than that in the
simulation.

Model A with the thigh-muscle-tendon complex achieved
a higher jump as in the simulation and its height was
improved by approximately 31%. In the robot with the thigh
muscle-tendon complex (Model A), the joint torque and
spring extension calculated by (1) using the angles of the hip
and knee joints are shown in Fig. 14. The joint torque is the
sum of the drive torque shown in Fig. 13(b) and the torque
generated by the thigh mechanism shown in (4) and (5).
Comparing the torques of the knee joints in Fig. 13(b) and
Fig. 14(a), although the motor reached the stalling torque
in both models, the knee joint of Model A could exert an
additional torque of approximately 1 Nm due to the thigh
mechanism. Furthermore, as shown in Fig. 14(b), the spring
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FIGURE 14. Joint torque and spring extension (Model A).

could be significantly extended during the motion and the
elastic energy could be stored as in the simulation. Therefore,
it is considered that the jump height can be improved by
utilizing the thigh muscle-tendon complex effectively.

V. CONCLUSION
This study aimed to enhance robot performance by intro-
ducing a mechanism that mimics the thigh bi-articular
muscle-tendon complex of amammal into a legged robot. The
functions of the thighmuscle-tendon complexwere simulated
using cables, pulleys, and a tension spring between the hip
and knee joints, and a legged robot with the mechanism
was fabricated. The effect of the thigh mechanism on weight
compensation was verified while maintaining a static posture.
It was shown that the power consumption of the joint motors
could be reduced by the transfer of torque between the hip
and knee joints by the thigh mechanism. In addition, optimal
motion generation for the legged robot was performed to
maximize the jump height during a dynamic vertical jump.
As a result, it was confirmed that the jump height was
significantly improved by the thigh mechanism in the sim-
ulation and the experiment.

In the future, we intend to extend this research to
a quadruped robot. We plan on realizing continuous
jumping and running motions, further utilizing the thigh
muscle-tendon complex. Moreover, because the biological
muscle-tendon complex also contributes to a soft landing,
we will continue to study motion control with the aim of
achieving the soft landing by the robot.
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