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Abstract. The objective of this paper and our current research is to optimize 
energy usage in a humanoid robot during diverse tasks such as basic walking by 
dynamically controlling individual joint stiffness. In the current work we ana-
lyze individual and total usage of current, voltage and power in a NAO V4 hu-
manoid robot joints during short walks around a circle at different speeds and 
under varying control of joint stiffness. We perform experimental studies to un-
derstand the main factors affecting power consumption and energy usage and 
look at ways to improve overall energy usage. We describe experiments and 
corresponding results. We discuss the state of advancement of our research. 
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1 Introduction 

A critical challenge in mobile robots is the optimization of energy usage during spe-
cific robot tasks [1-3]. This is particularly relevant to humanoid robots where the 
increased number of joints and corresponding DOFs make energy usage hard to ana-
lyze and optimize during basic tasks such as walking [4]. In general, battery life is 
one of the main constraints in the use of robots for extended time. In the context of 
RoboCup soccer, games last only a few minutes where batteries are usually recharged 
at half time. As battery usage improves we expect future games to last longer or have 
power restrictions imposed on teams.  

As part of our goal to better understand energy usage in robots and develop appro-
priate energy optimization algorithms, we present in this paper our initial study on 
power consumption in the NAO V4 humanoid robot in the context of the Standard 
Platform League (SPL). We analyze current, voltage and power consumption at indi-
vidual joints and improve their usage by dynamically modifying motor stiffness with-
out sacrificing task performance. We analyze the effect of variations on walking step 
frequency and joint stiffness on overall energy usage during simple short walks.  

In contrast to other work we develop more in depth analysis of power consumption 
and energy usage in both individual joint and overall system at various speeds. In the 
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study by Kormushev et al. [5] electric energy consumption is optimized on the 
COMAN humanoid robot during walking by varying-height and robot's center of 
mass. The authors applied reinforcement learning algorithm to reduce the energy 
utilization with respect to variations in the robot's center of mass position. In the study 
by Kulk and Welsh [6-8], the authors compare various optimization algorithms to 
reduce overall energy usage while increasing walking speed. The authors analyze 
energy usage in an older NAO V3 by reading current from joints and voltage and 
analyzing primarily overall power usage in the system.  

In the rest of the paper we briefly discuss in Section 2 the humanoid biped walking 
in the NAO that will be used for our experiments; in Section 3 we describe the basis 
for the power consumption and energy usage analysis; in Section 4 we describe the 
experimental results; and we finish by conclusions where we discuss our findings and 
future work. 

2 Humanoid Robot Walking  

While there are numerous approaches to humanoid robot biped walking, we will con-
centrate in this paper on the NAO open-loop walk engine [9]. The NAO V4 robot 
includes 25 degrees of freedom (DOF) including five DOF in each leg (3 in the hip, 1 
in the knee, and 2 in the ankle) each controlled by a brushed DC motor with magnetic 
rotary encoders for position feedback. The NAO walk patterns are generated from a 
Zero-Moment Point (ZMP) [10] trajectory that is calculated from user specified step 
parameters that include walking step frequency, walking step width and walking step 
length. The ZMP trajectory is transformed into a center of gravity (CoG) trajectory 
using an inverted pendulum model [11-12].  

 

Fig. 1. (Left) Diagram illustrating the humanoid robot joints side connectivity schematics (hip 
pitch, knee pitch and ankle pitch). (Right) Magnetic brush DC motor used in and equivalent 
circuitry for the NAO DC motors with EMF representing the Electro-Magnetic Force [13]. 

3 Energy Usage during Humanoid Robot Walking 

The energy usage of the humanoid robot joints can be computed from the correspond-
ing motors controlling each joint. Figure 2 (left) shows the electrical circuit, while 
(middle) shows the corresponding joint location in the NAO V4, and (right) shows the 
joint connectivity schematics. To compute full energy usage in the system additional 
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components in the robot need to be considered including CPU, sensors, communica-
tions, etc. Note that the NAO uses different types of motors depending on version and 
joint location [14]. To compute the energy usage of each motor in the robot we need 
to first compute power defined by motor voltage and current. In the following equa-
tions we describe the basic equations defining motor power and energy usage [15].  

 

Fig. 2. (Left) Electric diagram of lower body NAO joints: Hip Yaw Pitch, Hip Pitch, Hip Roll, 
Knee Pitch, Ankle Pitch, Ankle Roll. (Middle) Corresponding location of joints in NAO robot. 
(Right) Diagram showing joints relative location. 

In Eq (1), voltage V is equal to the change in motor inductance L, the current I 
through the motor windings with resistance R, and the motor torque constant ݇௕ cor-
responding to the motor’s back-EMF multiplied by the motor’s rotor angular velocity ߠሶ , 
 ܸ = ܮ ௗூௗ௧ + ܫܴ + ݇௕ߠሶ  (1) 

In Eq (2), the motor’s moment of inertia M multiplied by the robot’s acceleration ߠሷ  
is equivalent to the motor’s torque constant ݇௧ multiplied by the electric current minus 
the motor’s viscous friction constant ߥ times motor angular speed minus the torque ߬ 
being applied from the external load, 

ሷߠܯ  = ݇௧ܫ − ሶߠߥ − ߬ (2) 

At steady state the voltage V and torque ߬ are given by Eqs (3-7) 

 ܸ = ܫܴ + ݇௕ߠሶ   (3) 

  ߬ = ݇௧ܫ − ሶߠߥ  (4) 

 ܸ = ߬ ோ௞೟ + ோఔఏሶ௞೟ + ݇௕ߠሶ  (5) 

ሶߠ  = ቀߥ + ௞್௞೟ோ ቁିଵ (ܸ ௞೟ோ − ߬)  (6) 
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 ߬ = ܸ ௞೟ோ − ቀߥ + ௞್௞೟ோ ቁ ሶߠ  (7) 

Stall torque ߬௦ at zero angular velocity is given when ߠሶ  = 0 as shown by Eq (8)  

 ߬௦ = ܸ ௞೟ோ  (8) 

And the corresponding stall current ܫ௦ is given by Eq (9)  

௦ܫ  = ఛೞ௞೟ = ௏ோ (9) 

As current increases in the joint, torque also increases until it gets to a maximum 
level, i.e. the stall torque. The “no load” max speed ߠሶ௡ is defined when torque ߬ = 0 
given by Eq (10)  

ሶ௡ߠ  = ߬௦ ቀߥ + ௞್௞೟ோ ቁିଵ
 (10) 

At steady state, the motor angular velocity ߠሶ , the torque ߬ and current ܫ௦ can be de-
fined by Eqs (11-13), 

ሶߠ  = ሶ௡ߠ − ቀߥ + ௞್௞೟ோ ቁିଵ ߬ (11) 

 ߬ = ߬௦ − ቀߥ + ௞್௞೟ோ ቁ ሶߠ  (12) 

ܫ  = ௦ܫ − ( ఔ௞೟ + ௞ோ್ ሶߠ(  (13) 

Mechanical power P delivered by the motor is given by multiplying torque by mo-
tor angular velocity as shown by Eq (14) 

 ܲ = ሶߠ߬ = ߬௦ߠሶ − ቀߥ + ௞್௞೟ோ ቁ ሶߠ ଶ (14) 

Total power consumption ௧ܲ௢௧௔௟ at time t is the summation of power ௜ܲ  from all 
joints where i denotes the i-th joint as given by Eq (15), 

 ௧ܲ௢௧௔௟ = ܸ ∑ ௜௡௜ୀ௜ܫ = ∑ ௜ܲ௡௜ୀ௜  (15) 

Finally, energy usage integrates power in time as described by Eq (16)  

ܧ  = ׬ ௧ܲ௢௧௔௟݀(16) ݐ 

4 Experimental Results 

In order to analyze power consumption and energy usage in the NAO V4 humanoid 
robot, we developed a simple walking experiment where the robot walks counter-
clockwise around a small circle having 1 meter in diameter. We read electric current  
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and voltage data from individual joints while walking at different speeds for about 1.5 
minutes corresponding to 4-5 circles at max walking speed. We collected during each 
experiment approximately 2000 sets of data for each joint under different values of 
stiffness, walking step length and walking step frequency for both left and right joints: 
Hip Yaw Pitch, Hip Roll, Hip Pitch, Knee Pitch, Ankle Pitch, Ankle Roll. Note that a 
single motor controls in the NAO both Left and Right Hip Yaw Pitch joints. We per-
formed each experiment three times and produced individual joint averages from those 
runs. Due to slow readings from the NAO motor joints, individual joint data was read at 
each experiment with stiffness and walking parameters changed at different runs. For 
data reading we used the NAO SDK platform version 12.3 under Python version 2.7. 
Current and voltage data was collected and saved into a text file for offline analysis. The 
following section of code illustrates the portion used to collect the data: 

 
ALMEMORY_KEY_NAMES = [ "De-

vice/SubDeviceList/LAnklePitch/ElectricCurrent/Sensor/Value", 
"Device/SubDeviceList/Battery/Charge/Sensor/CellVoltageMin",] 

 
for key in ALMEMORY_KEY_NAMES: 
            value = memory.getData(key) 

 
Table 1 shows robot defaults and range of values used during the various experi-

ments. 

4.1 Hip Pitch Joint 

Figures 3, 4, and 5 show Left Hip Pitch joint current, voltage and power for three 
stiffness values (1, 0.8 and 0.6) walking at maximum speed. 

 

Fig. 3. Left Hip Pitch joint current usage at walking speed frequency 1 and step length 0.8 with 
the following stiffness (top) stiffness 1, (middle) stiffness 0.8, (bottom) stiffness 0.6 
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Table 1. The values to be changed during the experiment. Joint stiffness, walking step 
frequency and length were used as input to the humanoid system in order to obtain the output. 
Default values, their maximum and minimum values are presented in this table. 

Name Minimum Maximum Default 
Joint Stiffness 0 1 1 

Walking Step Frequency 0 (1.667 Hz) 1 (2.382 Hz) 1 
Walking Step Length 0.001 (m) 0.08 (m) 0.04 (m) 

 

Fig. 4. Battery voltage usage for various Left Hip Pitch joint stiffness at walking speed fre-
quency 1 and step length 0.8: (black) stiffness 1, (red) stiffness 0.8, (blue) stiffness 0.6.  

 

Fig. 5. Left Hip Pitch joint power usage at walking speed frequency 1 and step length 0.8 with 
the following stiffness (top) stiffness 1, (middle) stiffness 0.8, (bottom) stiffness 0.6. 

4.2 Knee Pitch Joint 

Figures 6, 7, and 8 show Left Knee Pitch joint current, voltage and power for three 
stiffness values (1, 0.8 and 0.6) walking at maximum speed. 
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Fig. 6. Left Knee Pitch joint current usage at walking speed frequency 1 and step length 0.8 
with the following stiffness (top) stiffness 1, (middle) stiffness 0.8, (bottom) stiffness 0.6 

 

Fig. 7. Battery voltage usage for various Left Knee Pitch joint stiffness at walking speed fre-
quency 1 and step length 0.8: (black) stiffness 0.6, (red) stiffness 0.8, (blue) stiffness 1 

 

Fig. 8. Left Knee Pitch joint power usage at walking speed frequency 1 and step length 0.8 with 
the following stiffness (top) stiffness 1, (middle) stiffness 0.8, (bottom) stiffness 0.6 
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4.3 Ankle Pitch Joint 

Figures 9, 10, and 11 show Ankle Pitch joint current, voltage and power for three 
stiffness values (1, 0.8 and 0.6) walking at maximum speed. 

 

Fig. 9. Left Ankle Pitch joint current usage at walking speed frequency 1 and step length 0.8 
with the following stiffness (top) stiffness 1, (middle) stiffness 0.8, (bottom) stiffness 0.6 

 

Fig. 10. Battery voltage usage for various Left Ankle Pitch joint stiffness at walking speed 
frequency 1 and step length 0.8: (black) stiffness 0.6, (red) stiffness 0.8, (blue) stiffness 1 
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Fig. 11. Left Ankle Pitch joint power usage at walking speed frequency 1 and step length 0.8 
with the following stiffness (top) stiffness 1, (middle) stiffness 0.8, (bottom) stiffness 0.6 

4.4 Power and Energy Usage 

Tables 2, 3, and 4 show max values of individual joint current and power for various 
stiffness values for Left Hip Pitch, Left Knee Pitch and Left Ankle Pitch. It is interest-
ing to note that lowest current and power varies for various joints depending on stiff-
ness. Note that when applying stiffness value under 0.6 walking becomes unstable 
with robot falling.  

Table 2. Max current and power for Left Hip Pitch (Step Frequency 1, Step Length 0.08) 

Stiffness 1 0.9 0.8 0.7 0.6
Current (A) 2.72 2.75 2.68 3.34 3.31
Power (W) 63.77 64.24 62.52 78.99 78.67

Table 3. Max current and power for Left Knee Pitch (Step Frequency 1, Step Length 0.08) 

Stiffness 1 0.9 0.8 0.7 0.6
Current (A) 2.19 1.87 1.87 1.71 2.44
Power (W) 51.28 43.38 43.1 39.81 56.75

Table 4. Max current and power for Left Ankle Pitch (Step Frequency 1, Step Length 0.08) 

Stiffness 1 0.9 0.8 0.7 0.6
Current (A) 3.31 3.77 3.00 2.78 2.84
Power (W) 78.71 88.51 70.47 65.44 67.94

 
Table 5 shows the accumulated power, i.e. total energy usage in Joules (J), for in-

dividual and total (grey) left and right joints according to the different stiffness val-
ues. Note the difference in energy usage for left and right side joints, whereas the Left 
and Right Hip Yaw Pitch have a unique motor controlling them both, hence their 
equal values. 
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Table 5. Total energy usage for individual joints and totals in Joules (J) 

Stiffness 1 0.9 0.8 0.7 0.6 
Left Hip Yaw Pitch (J) 5770 5668 5421 5540 5365 
Left Hip Pitch (J) 15447 14751 14622 14188 14482 
Left Hip Roll (J) 13358 13472 14197 14625 14486 
Left Knee Pitch (J) 18236 18546 18675 18507 19105 
Left Ankle Pitch (J) 22590 22017 21872 21166 21163 
Left Ankle Roll (J) 4669 4906 4810 4956 5367 
Total Left Joints (J) 80070 79360 79597 78982 79968 
Right (Left) Hip Yaw Pitch (J) 5770 5668 5421 5540 5365 
Right Hip Pitch (J) 12004 11380 11325 10956 11351 
Right Hip Roll (J) 11557 11543 11306 11446 11394 
Right Knee Pitch (J) 14954 14379 13315 12766 11619 
Right Ankle Pitch (J) 14703 14964 14906 14882 15398 
Right Ankle Roll (J) 5097 5043 5178 5112 4996 
Total Right Joints (J) 64085 62977 61451 60702 60123 
Total Joints (J) 144155 142337 141048 139684 140091 

 
Tables 6 shows the resulting total energy usage per joint in Joules (J) when apply-

ing best stiffness values from Table 5 although keeping similar values for correspond-
ing left and right joint. The total energy usage is reduced from 139684 Joules (Table 5 
– Stiffness 0.7) to 138073 Joules (Table 6). This is a small 1% total energy usage 
reduction for a 1.5 min walk but exemplifies the use of variable stiffness control to 
reduce individual and total joint energy usage according to specific task. 

Table 6. Total Energy Usage per Joint in Joules (Step Frequency 1, Step Length 0.08) for Left 
and Right Joints under variable stiffness values 

Joint Stiffness Left Joints Right Joints Total Energy (J) 
Left and Right Hip Yaw Pitch (J) 0.6 5448 5476 10924 
Left and Right Hip Pitch (J) 0.7 14388 11487 25875 
Left and Right Hip Roll (J) 0.7 13211 11501 24712 
Left and Right Knee Pitch (J) 1 17460 14835 32295 
Left and Right Ankle Pitch (J) 0.6 21261 14309 35570 
Left and Right Ankle Roll (J) 1 4048 4677 8725 
Total Joints (J) 75816 62285 138101 

Table 7. Total Energy Usage per Joint in Joules (Step Frequency 1, Step Length 0.08) for Left 
and Right Joints for different stiffness values 

Stiffness 1 0.9 0.8 0.7 0.6 
Left Hip Yaw Pitch (J) 2893 8555 5925 3189 3300 
Left Hip Roll (J) 21458 21464 21485 22571 20379 
Left Hip Pitch (J) 10541 10345 9376 10065 12703 
Left Knee Pitch (J) 22454 23508 18973 27085 29802 
Left Ankle Pitch (J) 32743 21586 16827 13391 12877 
Left Ankle Roll (J) 6961 4882 7560 5352 6131 
Total Left Joints (J) 97050 90340 80146 81653 81925 



502 E. Elibol, J. Calderon, and A. Weitzenfeld 

 

Table 7 shows the total energy usage per joint in Joules (J) while the robot is stand-
ing for 1 minute. It is interesting to note that energy usage is relatively large when 
standing with stiffness values affecting the results. 

Table 8 show the total energy usage per joint in Joules (J) for 1 minute walking at 
different step frequencies (0.1, 0.5 and 1) that proportionally control resulting walking 
speed. Stiffness is set to 1 for all experiments. Note that walking at 10% of max speed 
(0.1) results in about 80% of max speed energy usage. 

Table 8. Total Energy Usage per Joint in Joules for various Walking Step Frequencies (0.1, 
0.5, 1) while keeping Walking Step Length at 0.08 and Stiffness at 1 

Step Frequency 0.1 0.5 1
Left Hip Yaw Pitch (J) 4186 4813 6812
Left Hip Pitch (J) 9613 10294 14365
Left Hip Roll (J) 14735 14462 14011
Left Knee Pitch (J) 12445 12643 15793
Left Ankle Pitch (J) 20004 21782 25147
Left Ankle Roll (J) 3012 2712 3936 
Total Left Joints (J) 63995 66706 80065

5 Conclusions and Discussion 

We have described in this paper results from our current research in analyzing during 
open-loop humanoid robot walking the effect of variations in motor stiffness over 
individual joints in terms of current, battery voltage, and power. During experiments 
we set the stiffness and walking parameters manually and performed readings on 
single joints to achieve the best possible sampling rate considering the logic re-
strictions when reading out data from the NAO. Data readings show relatively good 
correspondence to walking cycles. The results are very interesting in that power con-
sumption and energy usage can be decreased by dynamically setting specific stiffness 
values at individual robot joints. The current analysis has been applied only to the 
NAO V4 robot while we are currently performing similar experiments to NAO V3 
and looking to test on other humanoids and walking algorithms. In the current paper 
we have presented initial results of energy usage optimization. The long-term goal of 
our research is to better understand the relationship between stiffness control and 
energy usage depending on the particular humanoid configuration and task. In future 
work we will be extending the analysis to include other factors that affect energy 
usage such as battery drainage, joint load, friction and temperature. 
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