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Abstract— Achieving high athletic performance in humanoid
robots requires both high joint speed and high joint torque.
While transmission mechanisms have been proposed to enlarge
the output envelope by varying the speed-torque character-
istics, such mechanisms are disadvantageous for humanoids
in terms of weight and size. Moreover, planning methods
for generating dynamic humanoid motions that account for
output-characteristic switching—which leads to discontinuous
changes in the admissible speed-torque constraints—remain
underexplored. This paper proposes a method for generat-
ing dynamic humanoid motions that exploit mode switching
through trajectory optimization, using a Variable Chain Motor
(VC motor) that can switch among modes with different speed—
torque characteristics via an electrical circuit. Specifically,
we impose the union of feasible speed—torque ranges across
multiple modes as constraints on joint velocity and torque
in the trajectory optimization problem. During execution on
the real robot, we determine the mode at each time step
based on the speed—torque profile of the optimized trajectory,
enabling dynamic mode switching. We generate a dynamic arm-
swing motion that maximizes forward end-effector velocity for
a humanoid equipped with a VC motor at the elbow joint
and validate it via real-robot experiments. We demonstrate the
effectiveness of the proposed method by comparing it against
fixed-output-characteristic cases, in which the actuator is used
as a conventional motor.

I. INTRODUCTION

For humanoid robots, achieving both strength and speed
remains a major challenge. In brushless DC (BLDC) motors,
which are the most widely used actuators in humanoids,
speed and torque are proportional to back electromotive
force and current, respectively; therefore, achieving both high
speed and high torque requires high voltage and high current.
To address this issue, the speed—torque envelope can be
expanded by varying the speed—torque characteristics, and
several studies have proposed introducing mechanical trans-
missions into robots. However, for humanoids, the increases
in weight and size caused by such complex mechanisms
diminish the benefits of the expanded output envelope. In
addition, motion planning for humanoids has not considered
how to handle speed—torque constraints that change discon-
tinuously due to switching of output characteristics.

In this paper, we propose a trajectory-optimization-based
method for generating dynamic humanoid motions using a
VC motor (Variable Chain Motor) [1], which can electrically
switch among multiple modes, including high-torque, inter-
mediate, and high-speed modes. The VC motor can switch
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Fig. 1: A dynamic arm-swing motion that maximizes the forward
end-effector velocity of a humanoid whose elbow joint is equipped
with a VC motor. By exploiting speed—torque mode switching, the
motion achieves both high torque and high speed.

its output characteristics by changing its winding connection
via a compact and lightweight electrical circuit. By imposing
the union of the feasible speed—torque ranges across modes
as joint velocity and torque constraints in the trajectory
optimization problem, the proposed method achieves both
high speed and high torque by exploiting mode switching.
The timing of mode switching is then determined from the
joint velocity and torque at each time step along the obtained
optimal trajectory.

To validate the effectiveness of the proposed method, we
generate a dynamic arm-swing motion that maximizes the
forward end-effector velocity of a humanoid whose elbow
joint is equipped with a VC motor, and conduct real-robot
experiments (Fig. 1). As a result, the proposed method
achieves faster motion than a conventional motor with fixed
output characteristics.

The contributions of this paper are as follows.

« We propose a motion planning method that computes a
humanoid trajectory for motions involving joints with
variable output characteristics under discontinuously
changing speed-torque constraints and determines the
switching times.

« We demonstrate through real-robot experiments that the
variable output characteristics of the VC motor improve
the dynamic performance of humanoid motions.

The remainder of this paper is organized as follows.
Section II reviews related work. Section III formulates the
speed—torque characteristics of the VC motor and describes
a trajectory optimization method for generating dynamic
motions with mode switching. Section IV evaluates the
generated arm-swing motions and presents real-robot experi-
mental results using the proposed method. Finally, Section V
concludes the paper.



II. RELATED WORK

Covering a wide speed-torque range with fixed gearing
typically requires either using a large and inefficient motor
or imposing stringent requirements on the power supply
configuration. To address this issue, a variable transmission
mechanism that shifts among three gear sets with different
speed ratios has been proposed [2]. Another example is
the Dual-Speed Dual-Motor (DSDM) actuator [3]. However,
the former involves power interruption during shifting, and
although the latter enables seamless shifting, it still requires
tens of milliseconds to actuate the shift brake, making it
unsuitable for dynamic motions. The application of CVTs
(Continuously Variable Transmissions), originally developed
for vehicles, to robots has also been explored [4], and
combining a CVT with series-elastic actuation has been
shown to improve the performance of a jumping robot [5].
Nevertheless, the increased weight and size due to these
complex mechanisms remain a major obstacle to integration
in humanoids.

Meanwhile, methods that vary the speed—torque charac-
teristics by electrically reconfiguring motor windings have
been developed for automotive and air-conditioning applica-
tions [6], [7]. Compared with mechanical transmissions, this
approach not only enables a more compact and lightweight
design but also achieves sufficiently fast mode switching dur-
ing operation [8], making it promising for dynamic humanoid
motions as well. The VC motor [1] performs winding recon-
figuration among multiple motors with identical windings. It
is a robot-specific actuator designed to meet the strict spatial
constraints of humanoids and legged robots, allowing flexible
placement of multiple small motors as an alternative to a
single large motor.

To realize robot motions under discontinuously changing
speed—torque constraints, Girard et al., who proposed the
DSDM actuator, also devised a trajectory-tracking controller
that performs discrete mode selection for a single-axis system
and a 3-DoF robot arm [9], [10]. Although such studies
have clarified the advantages of applying variable output
characteristics to robots, methods that leverage variable out-
put characteristics to generate dynamic humanoid motions
have received limited attention. We focus on combining
variable output characteristics with trajectory optimization,
which has been demonstrated to be effective for humanoid
behaviors such as running [11] and jumping [12]. By im-
posing the union of the speed-torque ranges across modes
as constraints, we propose a trajectory planning method for
humanoids that exploits variable output characteristics within
a nonconvex optimization framework [13].

III. TRAJECTORY OPTIMIZATION WITH
OUTPUT-CHARACTERISTIC SWITCHING

A. Speed-Torque Characteristics of the VC Motor

The VC motor has a structure in which multiple units,
called MCs (Motor Cells), each consisting of a small-
diameter motor with custom modifications, are connected in
a chain [1]. The VC motor considered in this paper, which

consists of four MCs, can operate in three modes: Mode A
(high torque), Mode B (intermediate), and Mode C (high
speed) (with more MCs, additional modes are possible).
Given upper limits on the voltage and current supplied to
the VC motor, the feasible speed—torque range in each mode
is shown in Fig. 3.

The change in output characteristics arises from changes in
the current path caused by switching the winding connection
(series or parallel) inside the VC motor (Fig. 2). Here, let 1
denote the current supplied to the VC motor by the motor
drive circuit. In the high-torque Mode A, the windings of all
four MCs are connected in series, and the current I flows
through each MC. In the intermediate Mode B, two pairs
of series-connected windings are connected in parallel, and
the current is equally split such that 7/2 flows through each
branch. In the high-speed Mode C, all four windings are
connected in parallel, and the current is divided equally so
that /4 flows through each MC.

The torque constants (the ratio of output torque to input
current) in each mode, K2 KB KC, can be derived by
computing the total output torque of the four MCs from
the current flowing through each MC and dividing the result
by the input current I. Therefore, using the torque constant
of a single MC, K they are given by (1), indicating
that the torque characteristic increases from Mode C to
Mode A, which corresponds to having a larger number of
series-connected windings. Given the maximum allowable
input current I™**, the maximum torques in each mode,
rmaxA rmaxB -maxC can also be obtained by multiplying
the corresponding torque constants by /™.

Kf _ 4(K:CHI) /I — 4}—(::_6117 Tmax,A _ 4K;:_elllmax
KE _ 4(K;'.SHI/2)/I — 2}—(:&:117 Tmax,B — 2K:e11]—max (1)

KE _ 4(K:elll/4)/1 _ I{:ell7 Tmax,C — K:elllmax
The speed constant, defined as the ratio of rotational
speed to back electromotive force, is inversely proportional
to the torque constant. The speed constants in each mode,
KA KB KC, expressed in terms of the speed constant of
a single MC, K!! are given as follows, indicating that
the speed characteristic increases from Mode A to Mode
C. Given the maximum applicable voltage V™**, the max-
imum no-load speeds in each mode, v™*A ymaxB ymaxC

can also be obtained by multiplying the corresponding speed
constants by V™,

K;\ _ K;:}e]l/47 Umax,A — K;:Jellvma)(/4
Klj — K:;ell/2’ Umnx,B — Kﬁellvma)(/Q (2)
KC o Kcell Umax,C o Kcelleax

v — Do ’ = Ny

When a load torque is present, the maximum speed
decreases linearly with respect to torque and becomes smaller
than the value in (2); however, the rate of decrease is the
same for all modes. Let the maximum speed under a load
torque 7 be denoted by v'"™(7) as a function of 7. For a
BLDC motor with winding resistance R and speed constant
K,, when a current I is applied, the following circuit
equation holds. Note that we consider the g-axis equation
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Fig. 2: Winding configurations of the VC motor for each mode. In Mode A, all four windings are connected in series. In Mode B, two
series-connected windings are arranged in parallel as two identical branches. In Mode C, all four windings are connected in parallel. A
larger number of series-connected windings results in a higher-torque, lower-speed characteristic.

while neglecting the cross-coupling term between the d and
q axes.

,Ulim( 7_)
KU
In addition, the following relations hold for the no-load
maximum speed v™** and the torque constant K . Note that
/3 is the factor used to convert the speed constant expressed
with the peak line-to-line voltage into the torque constant

expressed with the peak phase current.

V™ = RI + 3)

=K V™ r=K.I, K.K,=V3 )

From (3) and (4), we obtain the following. Here, « is the
inverse of the rate at which the maximum speed v'™(7)
decreases with respect to the torque 7.

T K
o’ V3R
Let the winding resistance of an MC be R, Then, the
winding resistance in Modes A, B, and C becomes 4R,
Re and R!!/4, respectively. Substituting these into (5)

together with the torque constants in each mode shown in
(1), we obtain the following.

Ulim(T) — Umax _

(&)

4( ngll)2

= VaRer

Therefore, the rate at which the maximum speed decreases

with respect to torque is determined solely by the winding

resistance and torque constant of the MC, and does not
depend on the mode.

By substituting the no-load maximum speed of each mode
shown in (2) into (5), we obtain the corresponding speed
limit as a function of torque. Together with the torque limit
of each mode shown in (1), these limits yield the speed—
torque ranges of the VC motor shown in Fig. 3.
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B. Formulation of Speed-Torque Constraints Considering
VC Motor Mode Switching

Robot motion planning is performed under constraints on
joint velocity and torque so that the resulting motion can
be executed within the capabilities of the real actuator. In
some cases, constant upper bounds are imposed on velocity
and torque independently; however, for dynamic motions
that require both high speed and high torque, the reduction
in the speed limit as a function of the output torque, as
shown in (5), cannot be neglected. To account for this effect,

it is desirable to formulate the constraint by defining the
torque limit 7™ (v) as a function of the continuously varying
velocity v. Accordingly, we transform (5) into the following
function of v, which represents the admissible range for
torque 7. Here, 7™ and v™* denote the maximum torque
and the no-load maximum speed of the joint, respectively.

7] < 7™(v) = min(r™, —a(jo] - ™))
"U| S Umax

(N

For the VC motor, it is necessary to represent the speed—
torque range of each mode described in Section III-A.
Therefore, we use the following constraint, which represents
the union of the regions given by (7) over all modes without
explicit mode variables. The torque limit 7™ (v) appearing
in (8) corresponds to the stair-step function indicated by the
orange line in Fig. 3.
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Fig. 3: Speed-torque ranges of the VC motor. The red, purple,
and blue regions represent the ranges of Modes A, B, and C,
respectively. The union of these ranges, indicated by the orange line,
is imposed as the speed—torque constraint in trajectory optimization.
For consistency with expressing the torque limit as a function of
velocity in Section III-B, note that the horizontal axis represents
velocity, unlike a typical speed—torque characteristic plot.

The inequality in (8) can be imposed directly. In our
implementation, we use the equivalent bounded-slack form
7 = s7M(v), s € [~1,1], only to represent the two-sided
torque bound with a bounded variable; this implementation
choice is not essential to the formulation. The constraint



in (8) represents the instantaneous feasible speed—torque
envelope obtained as the union of all modes, so no discrete
mode variable is required during trajectory optimization. A
mixed-integer or hybrid formulation could optimize the mode
sequence and switching penalties, but would introduce mode-
selection integer variables for each time node of each VC
motor. We therefore adopt the continuous union-constraint
formulation, which is compatible with standard gradient-
based humanoid trajectory optimization, and then recover the
executable mode schedule from the optimized speed—torque
trajectory.

During execution, at each discretized time k, with R,,
denoting the range of mode m, M; = {m € {A,B,C} |
(vk, Tk) € Ry} is formed, and the first feasible mode in the
order A, B, C is selected.

In this paper, we smoothly approximate the max and
min functions in (7) and (8) using log-sum-exp (LSE) as
follows, where the parameter k controls the sharpness of
the approximation, and treat the problem as a continuously
differentiable nonlinear optimization problem.

max(z,y, z) =~ kln(exp(xz/k) + exp(y/k) + exp(z/k))

min(z,y) ~ —kIn(exp(—z/k) + exp(—y/k)) ©)

C. Formulation of Humanoid Trajectory Optimization

In this section, we define a trajectory optimization problem
for generating dynamic humanoid motions using the speed—
torque constraints described in Section III-B. We integrate
a VC motor into the left elbow joint of a humanoid robot
[14] and generate an arm-swing motion that maximizes the
forward velocity of the left-hand end-effector. The humanoid
has 33 degrees of freedom excluding the fingers; however,
we fix the neck and some wrist joints and treat the system
as having NP°F = 27 degrees of freedom.

We pose the following trajectory optimization problem.
The decision variables are the generalized coordinates g(¢),
generalized velocities v(t), generalized accelerations a(t),
and a 12-dimensional vector w(t) that collects the forces and
moments exerted on the left and right feet by the ground, for
t € [0, t¢]. For the bounded-slack implementation of the two-
sided torque bounds, the auxiliary vector s(t) € [—1, 1]V .
is also included. We minimize the cost function f subject to
equality constraints g and inequality constraints h.

minimize  f(q,v,a,w, s)
q,v,a,w,s
subject to  g(q,v,a,w,s) =0 (10
h(q,v,a,w,s) <0
The joint torque is computed as follows.
T(t) = TID(q,v, a,w) + Bv(t) + Jra(t) (11)
1D

Here, 7' is the inverse-dynamics torque, B and J, are
diagonal matrices of viscous friction coefficients and rotor
inertias, respectively, and 7" (v(t)) is defined by (7) and (8).
We impose the corresponding velocity—torque constraint as
follows. In our implementation, this constraint is represented
using the bounded-slack form described in Section III-B.

7 (1)) < 7™ (v(t)) (12)

The trajectory duration is set to ¢ = 3.0 s. The time
discretization step size is set to 0.01 s around the mid-interval
(1.2-1.8 s), where the motion is fastest, and outside this
interval we use a step size that increases linearly with the
step index toward the start and end times, up to a maximum
of 0.11 s.

The cost function f is given by the following expression.

NDoF

_ EE i da;(t) ’
f=—wl (tm)+ZW2’i/o ( dt ) ; (13)

i=1

W / (@] - (Fez)? — (Fs)?)dt

The first term maximizes the value of the forward left-hand
end-effector velocity vEE at the mid-time ¢, = t;/2, with
weight W, = 1. The second term is a regularization term that
minimizes the sum of squared joint jerks (the time derivative
of the joint acceleration a;) for joint ¢. The weight Wy ; is
set to 5 x 10~ for the left elbow joint and 5 x 10~ for all
other joints. The third term minimizes the sum of squares
of the horizontal components of the ground reaction forces
and the three-axis moments, excluding the vertical ground
reaction forces of the right and left feet, Fr , and F1 , from
the foot wrench w. The weight is set to W3 = 5x 1075, This
term guides the search toward solutions that better satisfy the
whole-body balance constraints.

In addition to the velocity—torque constraint in (12), the
equality constraints g include the following.

o The joint angles at the initial and terminal times are

fixed to predetermined values.

« The joint velocities and joint accelerations at the initial
and terminal times are set to zero.
To keep the feet fixed, the velocities of the left and right
foot links are set to zero.
The height of the left-hand end-effector at the mid-time
is set to 0.5 m above the ground.

The inequality constraints h include the following.

« Upper and lower limits are imposed on the joint angles.

« The horizontal components of the ground reaction force
are constrained to be no greater than 0.7 times the
vertical component (friction cone constraint).

e The ZMP (Zero Moment Point) computed from the
ground reaction forces is constrained to lie within the
support polygon of both feet (ZMP constraint).

IV. GENERATION AND EVALUATION OF DYNAMIC
ARM-SWING MOTION

In this section, we generate dynamic arm-swing motions
by solving the trajectory optimization problem described
above, and evaluate the resulting trajectories and validate
them through real-robot experiments.

For comparison with the case where the actuator is used
as a conventional motor with fixed output characteristics,
we generate motions under the following four conditions,
which differ in the speed—torque constraints applied to the
left elbow joint.

(a) The VC motor is fixed to Mode A (high torque).



(b) The VC motor is fixed to Mode B (intermediate).
(c) The VC motor is fixed to Mode C (high speed).
(d) Mode switching is allowed.

TABLE I: Joint speed—torque limits and dynamic parameters.

Speed Torque Viscous Rotor
Joint limit limit coefficient inertia

(rad/s) (Nm) (Nms/rad) (kg m?)
Chest-1/p 2.17 383.8 3.07 2.06
Chest-y 2.17 191.9 3.07 1.03
Collar 1.81 230.3 3.07 1.49
Shoulder-p/r/y 1.81 230.3 3.07 1.49
Right elbow 1.81 230.3 3.07 1.49
Left elbow Shown in Table II. 0.77 0.51
Wrist-y 1.81 230.3 3.07 1.49
Hip-y 3.47 119.9 3.07 0.40
Hip-r 2.17 191.9 3.07 1.03
Hip-p 3.47 239.9 1.20 0.81
Knee 3.47 239.9 1.20 0.81
Ankle-p 2.89 143.9 3.07 0.58
Ankle-r 3.44 120.7 3.11 0.41

TABLE II: Speed-torque limits of the left elbow joint equipped
with a VC motor.
Mode | A B C

Speed limit (rad/s) 390 7.80 15.60
Torque limit (Nm) | 106.6  53.3 26.7

The parameters of each joint are listed in Table I and
Table II. For the maximum speed of each joint, we use the
no-load speed at a peak line-to-line voltage of 24 V. We
intentionally used a low system voltage to make the speed
limit active and highlight the benefit of mode switching.
Note that the speed limits of the other joints decrease sig-
nificantly compared with higher-voltage operation; therefore,
the achievable end-effector speed is smaller than in previous
work using the same humanoid [13]. For the maximum
torque of each joint, we use the output torque at a peak
phase current of 20 A.

The value of k in (9) is set for each joint; for joint 7, we set
k; = 0.017,"® using its maximum torque 7;"** (for the VC
motor, we used the maximum torque in Mode A). Note that
the velocity—torque constraint under condition (d) involves
a max function, and the approximation slightly relaxes the
constraint; therefore, we evaluate the degree of violation
of the original velocity—torque constraint for the generated
trajectories.

To solve the trajectory optimization problem, we used
the mathematical optimization framework CasADi [15] and
the nonlinear optimization solver Ipopt [16], which is based
on a primal—dual interior-point method. For kinematics and
dynamics computations, we used Pinocchio [17].

A. Evaluation of the Optimal Trajectory

Table III summarizes the peak forward end-effector veloc-
ity and the peak left elbow joint velocity along the optimal
trajectories obtained by solving the optimization problems
above. The optimal trajectory for condition (d) is shown
in Fig. 4. The left elbow joint velocity for each condition
is shown in Fig. 5, and the corresponding speed—torque
trajectories are shown in Fig. 6.

With mode switching allowed in condition (d), the peak
forward end-effector velocity increased by 7.7% and the peak

TABLE III: Peak forward end-effector velocity and left elbow joint
velocity of the optimal trajectories.
Condition (a) (b) (c) (d)
Peak forward velocity of
the end-effector (m/s) 6.20 8.16 8.26 8.89
Peak left elbow joint
velocity (rad/s)

(d)

-3.87

-7.65  -9.13  -10.06

3.0 sec

8.89 m/s L5sec
Fig. 4: Optimal trajectory under condition (d), where mode switch-
ing is allowed. The peak forward end-effector velocity reaches
8.89 m/s, 7.7% higher than condition (c); the right arm is omitted

for clarity.
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Fig. 5: Left elbow joint velocity under each condition. Condition (d)
combines high acceleration and high speed, reaching -10.06 rad/s,
10.2% higher than condition (c).
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Fig. 6: Speed—torque trajectories of the left elbow joint under each
condition. Condition (d) follows the higher-torque boundaries of
Modes A and B at low speed and then enters the high-speed range
of Mode C; colored regions show the mode ranges for all four
quadrants.

left elbow joint velocity increased by 10.2% compared with
condition (c), the fastest fixed-mode case. Under conditions
(a) and (b), the speed limit becomes active despite the high
torque capability. Under condition (c), the high-speed range
is available, but the low torque limit restricts acceleration in
the low-speed region. In contrast, under condition (d), the
active constraint shifts from Mode A through Mode B to the



high-speed Mode C as the speed increases. This trajectory
therefore uses both high torque at low speed and high speed
after acceleration, leading to improvements in both joint
velocity and end-effector speed. These results show that the
proposed method can generate dynamic humanoid arm-swing
motions that include VC motor mode switching, and that
exploiting mode switching improves dynamic performance.

Note that under condition (d), the approximation in (9)
slightly relaxes the velocity—torque constraint in (8), which
involves a max function. However, the violation of the orig-
inal constraint—defined as the maximum excess ratio of the
optimal torque over 7'™(v) computed by (8)—was at most
0.84%. Therefore, the effect of the constraint approximation
is considered negligible.

B. Real-Robot Experiments

To verify that the optimized trajectory with mode switch-
ing can be executed on the real robot, we conducted real-
robot experiments.

The supply voltage was set to 36 V to provide sufficient
headroom for current control relative to the 24 V used to
define the joint velocity constraints.

We used the following joint position controller to compute
the commanded torque Tz-ref for joint ¢ from the reference joint
angle and velocity, ¢/ and v'*', and the measured joint angle
and velocity, ¢** and vi'. Here, K, ;, Kq,;, and 7'F denote
the proportional gain, derivative gain, and viscous-friction
feedforward torque, respectively.

7 = K@l — i) + Kg o —of) + 1" (14

The motor voltage V"' is determined so that the actual
current [ tracks the reference current I computed from
the commanded torque:

VO = ki / (L = It + kpo(I7 = 1) + VI 15)

ki; and k,; denote the integral and proportional gains,
respectively. VEMF is a feedforward voltage that includes
a back-EMF compensation term computed from the joint
velocity and the back-EMF constant (the inverse of the speed
constant). To keep the current-control bandwidth constant
despite changes in circuit parameters due to mode switching,

0.0 s g

we scaled the integral gain, proportional gain, and back-EMF
compensation term in proportion to the winding resistance,
inductance, and back-EMF constant, respectively.

The recovered schedule for condition (d) is summarized
in Table IV.

TABLE IV: Recovered mode schedule for condition (d). It follows
A-B-C-B-A, with four switches and a minimum dwell time of
0.05 s.

Time (S)‘0.00—1,34 1.34-1.40 1.40-1.57 1.57-1.62 1.62-3.00
Mode | A B C B A

Table V shows the peak forward end-effector velocity and
the peak left elbow joint velocity in the real-robot exper-
iments under the above conditions. The real-robot motion
trajectory for condition (d) is shown in Fig. 7. The left elbow
joint velocity for each condition is shown in Fig. 8.

TABLE V: Peak forward end-effector velocity and left elbow joint
velocity in the real-robot experiments. The percentages indicate the
ratios relative to the peak velocities of the optimal trajectories.

Condition (a) (b) (©) (d)
Peak forward velocity of | 6.20 7.95 8.24 9.01
the end-effector (m/s) | (100.0%) (97.4%) (99.7%) (101.4%)
Peak left elbow joint -3.93 -7.80 -9.19 -10.23
velocity (rad/s) (101.6%) (101.9%) (100.7%) (101.6%)

In the experiments, the robot was able to execute the
motion in all conditions without losing balance or falling.
As in the optimal trajectories, the peak forward end-effector
velocity and the peak left elbow joint velocity were highest
in condition (d), where mode switching was allowed. The
errors relative to the optimal trajectories were within 2.6%
for the peak forward end-effector velocity and within 1.9%
for the peak left elbow joint velocity, indicating sufficiently
accurate tracking.

In addition, the time history of the voltage applied to the
VC motor under condition (d) is shown in Fig. 9. The voltage
changes discretely at each mode transition and is kept low
even during high-speed motions as the mode shifts from
A to B and then to C. Although the voltage exceeds the
424 V reference in magnitude immediately before a mode
switch during acceleration in some intervals, this is attributed

Fig. 7: Real-robot arm-swing trajectory under condition (d), where mode switching is allowed. The motion achieves a peak forward
end-effector velocity of 9.01 m/s, which is the fastest among all conditions.
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Fig. 9: Voltage applied to the VC motor in condition (d). Switching
to Mode B (intermediate) and Mode C (high speed) keeps the
voltage low during fast motion. For most of the motion, it remains
within +24 V, the reference for the speed limits.

to modeling errors in the rotor inertia and viscous friction
coefficient, which required a larger-than-expected current for
acceleration. Nevertheless, for most of the time, the voltage
remains within +24 V, which serves as the reference for the
speed limits. These results demonstrate that the target arm-
swing motion requiring both torque and speed was realized
on the real system by leveraging mode switching of the VC
motor.

V. CONCLUSION

We proposed a trajectory-optimization-based method for
generating dynamic humanoid motions that exploit VC mo-
tor mode switching by imposing the union of the speed—
torque ranges across multiple modes with different output
characteristics as a constraint.

Using the proposed method, we computed an optimal
trajectory that maximizes the forward end-effector velocity
of a humanoid equipped with a VC motor at the elbow
joint, and successfully generated an arm-swing motion that
includes mode switching. Compared with the case where
the output characteristics are fixed, the peak elbow joint
velocity and peak forward end-effector velocity increased by
10.2% and 7.7%, respectively, demonstrating that variable
output characteristics enhance dynamic motion performance.
Furthermore, real-robot experiments demonstrated an arm-
swing motion that achieves both high torque and high

speed by leveraging mode switching. Although the real-robot
validation in this paper uses a single VC motor at the left
elbow for an arm-swing motion, the formulation itself can be
applied to multiple joints with variable output characteristics.

As future work, we will incorporate speed—torque switch-
ing constraints into online motion planning to improve ro-
bustness to disturbances, including modeling uncertainties.
Validation with multiple VC motors and behaviors with
changing contact states, such as running and jumping, re-
mains future work.
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