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TWIMP: Two-Wheel Inverted Musculoskeletal Pendulum
as a Learning Control Platform
in the Real World with Environmental Physical Contact
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Abstract— By the recent spread of machine learning in the
robotics field, a humanoid that can act, perceive, and learn in
the real world through contact with the environment needs to
be developed. In this study, as one of the choices, we propose
a novel humanoid TWIMP, which combines a human mimetic
musculoskeletal upper limb with a two-wheel inverted pendu-
lum. By combining the benefit of a musculoskeletal humanoid,
which can achieve soft contact with the external environment,
and the benefit of a two-wheel inverted pendulum with a
small footprint and high mobility, we can easily investigate
learning control systems in environments with contact and
sudden impact. We reveal our whole concept and system details
of TWIMP, and execute several preliminary experiments to
show its potential ability.

I. INTRODUCTION

In recent years, the spread of machine learning methods
such as deep learning is rapid, and there have been big
achievements in fields of image classification [1], sentence
generation [2], etc. Also, machine learning is spreading in
the robotics field, such as [3]-[5], and a humanoid that can
act, perceive, and learn in the real world through contact with
the environment needs to be developed.

Therefore, we propose a two-wheel inverted musculoskele-
tal pendulum TWIMP, as one of the choices to investigate
learning control systems in the actual environment with
contact and sudden impact. Our concept is a simple one
that uses a tendon-driven musculoskeletal structure as an
upper limb, and uses a two-wheel inverted pendulum as
a lower limb. Because the musculoskeletal humanoid [6]—
[9] imitates human structures, it has many benefits such
as the flexible spine, underactuated fingers, error recovery
using redundant muscles, variable stiffness control using
antagonism and nonlinear elastic feature of muscles, and
joint torque control using muscle tension. Also, because the
two-wheel inverted pendulum [10], [11] has high mobility
and a small footprint, it can enter cluttered narrow spaces. By
combining the benefits of these two, we can make learning
control in the real world easier. In this study, we develop the
two-wheel inverted musculoskeletal pendulum TWIMP, and
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Fig. 1. Overview of TWIMP: Two-Wheel Inverted Musculoskeletal

Pendulum

conduct several preliminary experiments to show its potential
ability.

II. OUR APPROACH: MUSCULOSKELETAL HUMANOID
WITH A TWO-WHEEL INVERTED PENDULUM

A. Overview of Our Proposed Approach

We propose a hybrid humanoid which has a musculoskele-
tal structure in the upper limb and a two-wheel inverted
pendulum in the lower limb. The components of the mus-
culoskeletal upper limb are fully modularized, and it can
be constructed and reconstructed easily. The structure of the
two-wheel inverted pendulum is constructed using a generic
aluminum frame as with the musculoskeletal upper limb, and
the modification of the link lengths and rearrangement of
links are easy. By combining the two, we construct a two-
wheel inverted musculoskeletal pendulum TWIMP, which
has high impact resistance due to the flexible body structure
and high mobility, and which can be reconstructed according
to the needs.



We control TWIMP using the general state feedback
method with the optimal regulator, and add a control scheme
to modify the upper body posture depending on the move-
ments of the upper limb. We control the musculoskeletal
upper limb using self-body image [12], [13] and joint torque
control considering muscle tension [14].

We conduct basic movement, manipulation, and impact re-
sistance experiments to show the potential ability of TWIMP,
and discuss its control problems and its next generation
design with a spine and tail.

B. Related Works and Our Contribution

We will discuss the related works regarding musculoskele-
tal humanoids, two-wheel inverted pendulums, and robots
combining wheels and manipulators, separately.

So far, tendon-driven musculoskeletal humanoids such as
Kenshiro [7] and Kengoro [9] have been developed. These
robots aimed to mimic the musculoskeletal structures of
human beings, and have underactuated structures, flexible
muscle structures, etc. The controls of the upper limb such
as variable stiffness control and muscle tension control have
been developed to a practical level. However, regarding the
movements of the lower limb, although controls such as
the balancing control using muscle-ZMP [15] exist, precise
control of the soft lower limb that supports the upper limb
and walks stably is difficult, and the bipedal locomotion of
the musculoskeletal humanoid has not been achieved yet.
Therefore, manipulation with locomotion using the muscu-
loskeletal humanoid has rarely been studied.

Regarding the two-wheel inverted pendulum, there are
many studies such as [10] and [11], and the mobility is high.
Also, it can move stably even on slopes. At the same time,
trolly type robots can move more stably on level ground and
no force is needed to stabilize the posture. Also, there are
problems that both of them generally cannot get up after
falling down.

Popular trolly type robots that combine wheels and manip-
ulators are PR2 [16], Fetch [17], etc., and these play an active
part in the robotics research field. However, because these
robots cannot enter cluttered narrow spaces due to their big
footprints, and cannot move stably on slopes, robots with not
trollies but with wheeled inverted pendulums for locomotion
have been developed. Handle of Boston Dynamics [18] has
a wheel at each tip of two legs that move independantly,
and can move stably using the multiple degrees of freedom
on hilly landscapes that rise and fall. Emiew of HITACHI
[19] has a human-like upper limb with dual arms and a
head, and has a two-wheel inverted pendulum with high
mobility, and it was popular as a human friendly navigation
robot. However, all of these robots have rarely moved in
situations with environmental physical contact, and they were
developed with the weight on the mobility of the two-wheel
inverted pendulum. Although UBot-5 [20] has two arms
and a wheeled inverted pendulum in its small body and
does learning control with environmental contact, we need
to develop a life-sized humanoid that can be used more
practically in the real world such as livelihood support and

has more flexible arms with the ability to endure impacts
due to large inertia.

Our contribution is that we propose a robot combining
the musculoskeletal structure, which has high performance
regarding soft contact with the environment and impact
resistance, with the two-wheel inverted pendulum, which has
a small footprint and high mobility, to be able to neutralize
the disadvantages of these two and emphasize their benefits.
This robot may be able to get up using the two wheels
and flexible musculoskeletal dual arm, after falling down.
Also, as a research platform of learning control systems, an
easy design which can be constructed and reconstructed is
desired, and this proposed robot is effective because it is
designed using generic aluminum frames for almost all of
the structures.

III. DESIGN OF TWIMP

In this section, we show the whole design of TWIMP.
First, we explain the musculoskeletal dual arm and two-
wheel inverted pendulum separately, and then explain
TWIMP composed of these two.

A. Tendon-driven Musculoskeletal Dual Arm

The musculoskeletal dual arm is an extension of the single
arm proposed in [21]. We show the detailed design in Fig.
[2] This arm has an easily reconfigurable structure composed
of joint module, muscle module, and bone frame. Since
a generic aluminum frame is used as the bone structure,
we can construct the body structure freely and easily by
combining the frames using brackets. The muscle module
contains several sensors, which measure motor temperature,
muscle length, and muscle tension. Since each joint module
contains an IMU and potentiometers, we can obtain sensor
information redundantly.

In addition, since the muscle is composed of a chemical
fiber Dyneema and O-ring used as a nonlinear elastic ele-
ment, it has a soft hardware structure. The nonlinear elastic
element and antagonistic structure of the musculoskeletal
humanoid enable variable stiffness control of the body joint.
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Fig. 2. Design of musculoskeletal upper limb



B. Two-wheel Inverted Pendulum

The detailed design of the two-wheel inverted pendulum is
shown in Fig. 3] We chose the wheel according to its output
torque and easily configurable structure. So we used an in-
wheel motor unit composed of a motor and wheel, and a
generic aluminum frame as the bone structure, and achieved
an easily reconfigurable simple wheel structure. TWIMP has
rotary encoders outside of the in-wheel motor, and IMU at
the trunk frame, and we control the posture, transition, and
rotation of the inverted pendulum using the information from
these sensors.

In-wheel Motor

Fig. 3. Design of two-wheel inverted pendulum

C. Two-wheel Inverted Musculoskeletal Pendulum

The detailed design of TWIMP is shown in Fig. @} Since
TWIMP is the combination of the upper limb in Section [[TT]
[A]and the lower limb in Section [III-B] using generic frames,
we can change the link lengths easily. TWIMP has an AstraS
camera as a RGB-D vision sensor on its head. The circuit
configuration is shown in Fig. [5] The circuit system of the
high power humanoid JAXON [22] is used for the lower
limb, and that of the musculoskeletal humanoid [21], with
a space-saving characteristic, is used for the upper limb. To
avoid damaging the circuits by its contact with the ground
when TWIMP falls down, it has generic frames in the front
and back of its chest frame.

RGB-D Camera

Musculoskeletal
Upper Limb

Fig. 4. Design of TWIMP
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Fig. 5. Circuit configuration of TWIMP

IV. CoNTROL OF TWIMP

In this section, we will explain the control system of
TWIMP. First, we will explain the musculoskeletal dual
arm and two-wheel inverted pendulum separately, and then,
explain the integrated control system of TWIMP.

A. Control of Musculoskeletal Dual Arm

As the control of the musculoskeletal dual arm, (1) the
control using the self-body image acquired with online
training [13] and (2) the torque control using muscle tension
[14] are possible. Concerning (1), we define the self-body
image as below.

ltarget = fideal(starget) + g(étarget, T) (1)

liarget 1s the target muscle lengths, f;geq is the joint-muscle
mapping in an ideal situation without external force, &;qarget
is the target joint angles, g is the compensation term of the
extension of muscles, and T is the current muscle tensions.
In [13], this mapping is acquired by the initial training
using the geometric model and online training using the
actual robot. In this study, we trained the self-body image in
advance, and conducted basic position control using Eq. [T}

Concerning (2), the target joint torques are calculated
by proportional control, and the target muscle tensions are
calculated to minimize the sum of the squares of muscle
tensions as shown below.

Trep = Kj(&rep — &) + 14() 2)
minimize =’ Wa 3)
subject to  T.op = -GTx 4)

T > Thin (%)

Tref is the reference of joint torques, K is the gain of
the proportional control, &, is the reference of joint angles,



& is the current joint angles, 7, is the torque of gravity
compensation, x is the reference of muscle tensions (T.c¢),
W is the weight matrix, GG is the muscle jacobian, and T,,;,,
is the minimum muscle tension.

B. Control of Two-wheel Inverted Pendulum

We use the general state feedback method as the control
of the two-wheel inverted pendulum. As shown in Fig.[6] we
defined that 6 is the slope of the base, ¢ is the rotation of the
wheels from the base, m,, is the weight of the wheels, m;, is
the weight of the base, I,, is the inertia of the wheels, I} is
the inertia of the base, R is the radius of the wheels, L is the
distance between the center of mass of the base and wheels,
7 is the torque of the wheels, and * = [9 o 6 ¢}T is
the state variable. Solving the lagrange equation, the state
equation is shown as below.

Ex = Aygx + Byt (6)
= Ax + Bu (7)
A=FE1'4y,B=E 'Bju=r1 (8)
1 0 0 0
0 1 0 0
E= 0 0 a+2b+c a+b ®)
0 0 a+b a
0 0 1 0 0
0 0 0 1 0
Ad=170 0 o[ Bo=|o (10)
0 0 0O 1
a= (mp+my)rs + L,
b= mpryl
C*mblerIb (11)
d = mpgl

The gain K of the feedback control u = —Kuz is
calculated using the Ricatti equation by applying the optimal
regulator to this state equation. The transitional direction is
controlled by changing ¢ to ¢, s —¢. The rotational direction
1) is controlled with the proportional control, which adds the
reversed torque calculated by multiplying the coefficient to
the difference between the current and reference values to
the left and right wheels as shown below, assuming that the
influence to 6, ¢ is not large.

= — Ky(Yrep — )
U :ur+Kw(¢ref _’(/})

Ky is the proportional gain, uy; -y is each torque of the left
and right wheel, and 1), is the reference of the rotational
direction.

The state of 6, 9, o, (;5, 1) is obtained from the IMU placed
on the base and encoders of the wheels. In addition, we
set Q = [500.0 1.0 500.0 0.2]T,R = [0.0001] in the
evaluation equation J = [ (xTQz + u” Ru) of the optimal
regulator, and so, the trackability of ¢ is small compared
with € because the stabilization of the posture is the most
important.

12)
(13)

Fig. 6. Parameter configuration of two-wheel inverted pendulum
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C. Control of TWIMP

The parameters of the state feedback are changed to a
great extent due to the motion of the arms. Especially, the
most important problem is the fluctuation of the center of
mass, and it is necessary to deflect the body in order to
keep the attitude when the arms are put forward. Therefore,
the adaptation to the current center of mass is needed by
changing 0,..; in response to ¢, as shown below:

aref = eref + Kadapt¢ (14)

where Kqqp: 18 the proportional gain. This adaptation con-
trol has a dead zone, and 6,.s has to be changed gradually
because sudden modification of 6,.r causes the robot to
vibrate.

V. PRELIMINARY EXPERIMENTS

In this section, we will first explain the basic movement
experiments using the lower and upper limb of TWIMP.
Next, we will explain simple manipulation experiments using
the musculoskeletal dual arm. Finally, we will explain several
experiments regarding impact resistance.

A. Basic Movements of TWIMP

We conducted an experiment of translational and rotational
movements with the arms fixed to the initial pose. First,
we commanded ¢.; = 3.14[rad] several times, making
the robot go forward. After that, we commanded ..y =
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Fig. 8. Stabilization of TWIMP while moving its arms

3.14[rad], making the robot turn around, and then, we com-
manded ¢,.; = 3.14[rad] again several times, making the
robot go back to the original position. The result is shown
in Fig. [/} The values of ¢ and v increased to 3.14 [rad]
immediately after the command, and correctly approached
zero. In addition, the angle of attitude ¢ is in the range of
—0.05 ~ 0.05[rad] during all motions.

Next, we conducted an experiment to stabilize the body
while moving the arms. The result is shown in Fig. 8] Due
to the large movement in the center of mass when the pitch
joints of the shoulders moved, ¢ moved greatly but converged
correctly by changing 60,.; considering the value of ¢ in
accordance with Eq. [T4 though there is some offset. In
addition, the robot moved stably with its arms raised by
converging ¢ and ¥ when we sent translation and rotation
commands.

B. Manipulation Experiments

First, we conducted the experiment of pushing a movable
desk with casters. The arms were raised to the height of the
desk. We commanded ¢,..s to the front, and the attitude of
the robot gradually tilted and pushed the desk by Eq. [T4]
The result is shown in Fig. El Orcs is gradually changed and
the robot succeeded in pushing the desk.

Next, we conducted the experiment of holding a box with
both hands and handing it to a person. The robot held a box
placed on a desk with both arms, turned to a person, and
released it when he held it. The result is shown in Fig. [I0]
The robot succeeded in holding a box by pressing from both
sides and in carrying the box to a person by commanding

¢ref and ¢ref-

C. Stability from External Force

We investigated the stability against an impact by kicking
the robot when the arms are in the initial position. The result
is shown in Fig. [T} The values of ¢ and ¢ are converged
in about 4 sec, though they are changed significantly at the
time when we kicked the center of the robot.

Next, we investigated the stability with the arms raised
when we hit the arms and base links. The result is shown in
Fig. [I2] The robot was able to stabilize the attitude though

/7 [ The desk starts to move 1

Transition of {8current, Orer}

ref increase:
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Fig. 9. The experiment of pushing a movable desk with casters.

¢, ¥, and 0 were affected when we added short and long
impact.

Finally, we investigated the resistance ability when an
impact is added and the robot collides with a wall with
the arms raised. The result is shown in Fig. [I3] ¢ and 6
were changed at the moment of impact and changed rapidly
when the robot collided with the wall. In addition, the muscle
tension of the arms increased to more than twice the original
value. However, the soft body structure absorbed the shock,
and the tension and attitude returned to their original values.

VI. DISCUSSION

We will start by considering the results of the conducted
experiments.

First, while the robot moves stably in the transition and
rotation experiment of Section we can see that the
posture 6 is changed greatly especially with the rotation of 1.
It seems that this is due to the fact that the rotation of ) is not
taken into account when considering the model of the state
equation, though it is considered in several controllers such
as [23]. Also, since we had to limit the speed of TWIMP, it
is necessary to consider the translation ability and stability
of the posture under a more dynamic system.

Second, during the movements of the arms in Section
[A] ¢ vibrates greatly at first and settles down in the end.
This behavior of the robot will be improved by calculating
the track of the center of mass using the model of the upper
limb and feed forward control of 6,.; in addition to the
control scheme of Section However, we cannot decide
if this is the best method, since the musculoskeletal structure
is soft and there is a large error between the actual robot and
its geometric model. In addition, we can consider installing
a different control system such as the adaptive control. This
discussion also occurs when considering the pushing desk
motion in Section and we have to rethink the whole
control scheme of this robot to manipulate objects stably.

Third, we investigated stability resistance of TWIMP from
impact in Section|[V-C} and these results seem to be due to the
mobility and stability of the two-wheel inverted pendulum
and the soft body structure of the musculoskeletal humanoid.
However, although this robot has a high impact resistance
ability and is not damaged when falling down, it has not
succeeded in getting up yet.

Next, we will state future works of this study. We have
discussed the problems of the present control methods, and
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The stability of TWIMP at the initial pose.

we should examine motion generation using learning control
methods. Learning control methods seem to be effective in
not only solving the problems of modeling the soft body of
the musculoskeletal humanoid, but also in moving in the real
world with environmental contact. Since the musculoskeletal
upper limb is soft and has tolerance to impact, it is rarely
damaged when falling down and is suitable for motion
learning in the real world. We would like to achieve advanced
tasks such as livelihood support and care service. In addition,
we should rethink the problems of robot hardware. Since
TWIMP has to compensate for the change in the center
of mass due to the arm movement by using only the base
posture alteration, the whole robot posture changes according
to the movement of the arms. We can solve the problem
by adding either a spine or tail. The robot can change its
posture freely and move more flexibly by modifying the
trunk link to resemble the flexible spine structure, extending
the design of the musculoskeletal upper limb. In addition, we
suppose that a tail link will enable the stabilization of the
robot body posture by changing the tail posture according
to the arm movement, or by using the tail as a stand to
support the body. As shown in this section, we believe that
the two-wheel inverted musculoskeletal pendulum and its
advancements will become the first step in the development
of the learning robot, which is useful in the real world thanks
to its soft hardware structure and mobility.

VII. CONCLUSION

In this research, we proposed a two wheel inverted mus-
culoskeletal pendulum: TWIMP, which is composed of a

(¢, ) [rad]

Time [sec] Time [sec]

Fig. 12. The stability against the impact to the upper limbs.

musculoskeletal upper limb and two-wheel inverted pen-
dulum, as one of the platforms for researching learning
control methods with environmental physical interactions in
the real world. This robot has two advantages, which are the
ability to contact the environment softly using the flexible
structure of the musculoskeletal upper limb and variable
stiffness mechanism, and the mobility of the two-wheel in-
verted pendulum which has a small footprint. We conducted
several experiments concerning the ability of locomotion,
manipulation, and durability using TWIMP, and we were able
to show the potential ability by the combination of the soft
upper body and the movable lower body. In future work,
we would like to study the learning control methods and
advanced hardware design of TWIMP to make it useful in
several situations such as livelihood support and care service.
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