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Recent advancements  in  artificial  intelligence  (AI),  sensing,  and  mechani-
cal  systems  have  substantially  expanded  the  functional  capabilities  of
humanoid robots.  However,  their  transition  from  laboratory  demonstra-
tions  to  sustained  real-world  operation  remains  fundamentally  limited  by
onboard  energy  storage.  Battery  technology  now  represents  a  primary
system-level constraint,  shaping  achievable  runtime,  mobility,  and  opera-
tional reliability.  Humanoid  robots  place  unusually  demanding  require-
ments  on  batteries,  combining  high  energy  density,  robust  power  output,
and  stringent  safety  within  severe  mass  and  volume  constraints.  Current
lithium-ion  batteries  (LIBs)  struggle  to  satisfy  these  competing  demands,
leading  to  restricted  endurance,  thermal  management  challenges,  and
conservative  operating  envelopes.  In  this  perspective,  we  identify  battery
systems  as  a  central  bottleneck  in  humanoid  robotics  and  contend  that
meaningful  progress  will  require  coordinated  innovation  across  materials,
power-system  architectures,  and  battery  management.  Emerging
approaches,  including high-energy-density cells,  higher-voltage platforms,
distributed and hybrid power architectures, and AI-driven battery manage-
ment systems (BMS),  offer  pathways to extend operational  duration while
improving  mobility  and  robustness.  Advances  in  battery  technology  will
therefore play a decisive role in enabling scalable, reliable humanoid robots
for industrial and societal applications.

 INTRODUCTION
Humanoid  robots  are  autonomous  systems  with  human-like  forms  and

intelligent  decision-making.  They perform tasks in  complex,  human-centred
environments  that  demand  adaptability,  operational  flexibility,  and  intuitive
interaction with people.1 Unlike traditional industrial robots, which are usually
fixed  and  programmed  for  specific  jobs,  humanoid  robots  use  existing
spaces,  tools,  and  infrastructure  designed  for  humans,  enabling  seamless
collaboration.2 Recent  progress  in  platforms like  Tesla  Optimus and Boston
Dynamics  Atlas  shows humanoid  robots  moving from lab  research to  real-
world use.3

Progress  in  artificial  intelligence  (AI),  deep  learning,  advanced  materials,
sensors,  and computing hardware has driven recent  advances in humanoid
robotics. However, as tasks evolve from simple mobility to complex, dynamic
manipulation and interaction, the domain of energy storage and power deliv-
ery emerges as the most formidable barrier to effective and scalable deploy-
ment. Unlike  stationary  equipment  or  even  electric  vehicles  (EVs)  with  rela-
tively generous packaging space, humanoid robots require an ultra-compact,
lightweight,  and  high-capacity  power  source  to  sustain  whole-body,  multi-
degree-of-freedom motion for extended periods.4 The battery system, there-
fore, is not merely a component but a defining subsystem that directly deter-

mines  a  robot’s  mobility  range,  functional  endurance,  safety  protocols,  and
overall capability envelope, making it a decisive factor in the success or limi-
tation of any practical humanoid system.

Presently, lithium-ion batteries (LIBs) serve as the incumbent and primary
energy  storage  technology  for  humanoid  robots,  owing  to  their  favourable
balance of high energy density, respectable power density, and proven cycle
life.5 Mature manufacturing ecosystems and broad market availability further
support  supply  chain  stability  and  potential  for  cost  reduction  at  scale.
However, current  LIBs  fall  short  of  meeting  the  holistic  operational  require-
ments  for  next-generation  humanoid  applications.  Typical  operational
endurance remains confined to a modest 2 to 4 hours for moderate activity,
which is insufficient for full-day work shifts or extended missions. Physically
demanding tasks, such as rapid locomotion, lifting heavy payloads, or recov-
ering  from  perturbations,  induce  high-current pulses.  This  leads  to  signifi-
cant  ohmic  heating,  accelerated  degradation,  and  heightened  safety  risks,
especially  within  confined  enclosures.6 Furthermore,  the  irregular,  space-
constrained  internal  geometry  of  a  humanoid  chassis  complicates  optimal
battery  pack  integration,  often  forcing  suboptimal  compromises  that  can
adversely affect the robot’s centre of mass, dynamic balance, and structural
integrity.

Thus, although  LIBs  are  currently  indispensable,  they  represent  a  signifi-
cant  performance  bottleneck.  Facilitating  the  transition  from  experimental
platforms to reliable, commercially viable products requires coordinated and
multifaceted  innovation.  This  process  demands  simultaneous  progress  in
electrochemical  materials,  cell  and  pack  architecture,  advanced  thermal
management strategies, and intelligent, predictive energy control algorithms.
The following sections will provide a detailed analysis of how current battery
limitations affect humanoid robot performance and outline the critical  path-
ways for integrated technological advancement.

 CHALLENGES IN POWERING HUMANOID ROBOTS
The  design  of  battery  systems  for  humanoid  robots  presents  a  uniquely

complex  engineering  puzzle,  in  which  the  interdependent  requirements  of
energy,  power,  and  safety  must  be  simultaneously  optimized  under  severe
mass, volume, and shape constraints, as illustrated in Figure 1.

The foremost challenge is  achieving sufficient  gravimetric and volumetric
energy  density  to  enable  extended  operational  periods  without  incurring
prohibitive  penalties  in  size  or  weight.  Given  the  need  for  a  natural  mass
distribution  and  dynamic  agility,  the  battery  pack  for  a  ~70  kg  humanoid
robot  is  typically  constrained  to  5–8  kg.7 State-of-the-art  commercial  LIBs
offer  an  energy  density  of  approximately  250–300  Wh/kg.  However,  the
practical energy density at the system level is significantly lower. This reduc-
tion results from the inclusion of critical pack-level components, including the
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battery  management  system,  wiring,  structural  housing,  and  thermal
management  hardware.  As  a  result,  the  total  energy  capacity  often  limits
operation to only  2–4 hours of  mixed activity.8 Achieving longer  operational
times requires at least 350 Wh/kg, making improvements in energy density a
critical obstacle.

Humanoid  robots  also  require  exceptionally  high  power  density.  Dynamic
actions  such  as  walking,  lifting,  jumping,  and  balance  recovery  necessitate
bursts  of  high  electrical  current,  with  discharge  rates  (C-rate)  frequently
exceeding 3 C to 5 C and even higher peak demands.These conditions place
substantial stress on batteries, leading to undesirable voltage drops that can
impair  motor  performance  and  control  stability.  Furthermore,  the  pursuit  of
high  energy  density  often  involves  electrode  designs  and  material  choices
that can intrinsically limit power capability, creating a fundamental trade-off.
The  battery  must  therefore  be  engineered  to  consistently  meet  these  peak
power demands  with  minimal  voltage  deviation  and  degradation,  a  require-
ment that challenges conventional cell design paradigms.

The operational-voltage platform itself  imposes a limitation.  Most current
humanoid systems operate within a 48 V to 58 V range, a standard borrowed
from industrial and mild-hybrid automotive applications. While offering some
safety and component availability advantages, this voltage level requires high
currents to deliver the multi-kilowatt power required for intense activity, lead-
ing  to  substantial  resistive  (I2R)  losses,  increased  cabling  weight,  and
increased heat generation. Transitioning to higher-voltage platforms, such as
400  V  or  above  in  modern  EVs,  proportionally  reduces  current  for  a  given
power level. This approach improves drivetrain efficiency, decreases thermal
load, and enables more powerful and sustained actuator output. This transi-
tion, however, requires a complete re-evaluation of motor drives, power elec-
tronics, and safety isolation systems within the robotic platform.

Finally,  effective  thermal  management  and  safety  are  critical  and  non-
negotiable  design  imperatives.  The  high  specific  power  output  within  a
confined space results in concentrated heat generation. Consequently, inad-
equate dissipation accelerates cell aging and reduces capacity. Furthermore,
in  extreme  scenarios,  it  can  induce  thermal  runaway,  a  catastrophic  failure
that  is  completely  unacceptable  for  robots  working  closely  with  people.
Humanoid  robots  operate  in  diverse  environments,  requiring  batteries  that

operate  reliably  over  a  temperature  range  of −40  °C  to  60  °C.9 The  packs
must  also  be  mechanically  robust  to  withstand  shocks,  vibrations,  and
potential  impacts  inherent  in  mobile  operation.  Therefore,  battery  system
design should integrate  advanced thermal  management  strategies,  such as
embedded  micro-channel  cooling  and  phase-change  materials,  along  with
robust mechanical protection. while the Battery Management System (BMS)
must enforce strict operational limits and provide robust fault detection and
containment.

 PATHWAYS FORWARD: INTEGRATED INNOVATION
Given these  multifaceted  challenges,  it  is  essential  to  explore  new  direc-

tions  and  innovative  approaches  to  effectively  address  limitations  and
advance  the  development  of  humanoid  robots.  Addressing  these  complex
challenges  necessitates  a  comprehensive  strategy  that  extends  beyond
incremental  technological  advancements.  Achieving  success  depends  on
progress  in  next-generation  materials,  innovative  system  architectures,  and
integrated intelligence, as shown in Figure 1.

 Material and cell innovation
The quest for higher energy density is driving intensive research into novel

electrochemical  couples.  Industry  leaders  are  targeting  cell-level  energy
densities of 350-500 Wh/kg in the near to medium term. Promising cathode
developments include the progressive nickel-rich layered oxides (NCM/NCA)
and the stabilization of lithium- and manganese-rich (LMR) cathodes. These
innovations offer higher specific capacities. On the anode side, silicon-domi-
nant  anodes  with  silicon  content  exceeding  30  wt%  provide  a  dramatic
increase in theoretical capacity compared to conventional graphite. However,
they face challenges related to  volume expansion and cycle  life.  Solid-state
batteries  (SSBs)  represent  a  paradigm-shifting  direction.  They  replace
flammable liquid electrolytes with solid ion conductors, potentially enhancing
safety  while  enabling  the  use  of  lithium  metal  anodes  for  ultra-high  energy
density.8 Several  companies  are  actively  developing  semi-solid  and  solid-
state battery prototypes specifically targeting the high-energy, high-reliability
needs of  robotic  applications.  Parallel  research into lithium-sulfur  and other
beyond-lithium-ion chemistries also holds long-term promise.

 

Figure 1.  Current challenges and integrated innovations for battery techniques in humanoid robots
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 Architectural and system-level revolution
Beyond the cell, a radical rethinking of power system architecture is essen-

tial.  The  conventional  model  of  a  single,  monolithic  battery  block  is  giving
way  to  distributed,  hybrid  power  architectures.10 Such  systems  typically
utilize  a  primary  high-energy-density  backbone  battery,  positioned  in  the
torso or pelvis, to provide baseline power for computation and general mobil-
ity.  This  configuration  is  supplemented  by  localized,  high-power-density
energy buffers,  such  as  advanced  LIBs  optimized  for  power  or  ultracapaci-
tors,  which  are  strategically  positioned  near  major  joint  actuators,  including
the hips, knees, and shoulders. This decentralization minimizes power trans-
mission  losses  and  cable  mass,  reduces  peak  current  draw  from  the  main
pack, and improves thermal management by distributing heat sources. It also
allows  for  more  optimal  mass  distribution,  enhancing  the  robot’s  dynamic
agility and balance. Complementing this trend is the development of custom,
form-factor-specific battery packs. By using flexible circuit boards and cell-to-
pack  integration  techniques,  batteries  can  be  designed  to  conform  to  the
irregular,  non-rectangular  voids  within  a  humanoid’s  skeletal  structure,
thereby  maximizing  volumetric  energy  density.  This  demands  close  co-
design between roboticists and battery engineers from the earliest stages of
platform development.

At the  same  time,  engineers  are  advancing  toward  higher  voltage  plat-
forms  beyond  the  usual  48  to  58  V  range.  Operating  at  higher  voltages
reduces  the  electrical  current  required  for  equivalent  power.  This  change
minimizes  resistive  losses  and  heat  generation.  These  enhancements
increase  actuator  output  capacity.  Systems  can  achieve  more  powerful
movements without added thermal stress.

 Intelligent management and connectivity
The role of the BMS is evolving from a passive protector into an intelligent,

predictive  core  of  the  robot’s  energy  strategy.  Next-generation  BMS  will
leverage  artificial  intelligence  and  machine  learning  to  become  cognitive
energy  managers.  By  integrating  data  from  the  robot’s  task  scheduler,
motion  planner,  and  real-time  sensor  suite,  the  BMS  can  forecast  energy
demands  for  upcoming  actions.  It  can  perform  proactive  load  balancing
between central and distributed storage elements, optimize charging strate-
gies,  and  employ  advanced  diagnostic  techniques,  such  as  electrochemical
impedance  spectroscopy,  for  precise,  in-situ  monitoring  of  state-of-health
and  state-of-power.  Such  an  intelligent  BMS  can  precondition  the  battery
thermally and electrically for anticipated high-load tasks, provide early warn-
ings for required maintenance, and implement sophisticated safety protocols
tailored to  specific  operational  contexts.  This  shift  enables  safer,  more  reli-
able,  and  application-aware  energy  utilization  over  thousands  of  charge-
discharge  cycles.  Furthermore,  developing  industry  standards  and  safety
certification is  essential  for  reliability  and commercializing humanoid robots
as they integrate into human environments.

 CONCLUSIONS
The development of general-purpose humanoid robotics is fundamentally

constrained by  onboard  energy  systems.  While  advances  in  artificial  intelli-
gence,  sensing,  and  actuation  establish  the  potential  capabilities,  battery
technology  ultimately  determines  the  operational  endurance,  mobility,  and
reliability.  Addressing this challenge requires resolving a persistent trilemma
among  energy  density,  power  capability,  and  safety  within  compact
humanoid designs.  Incremental  improvements  to  existing  battery  technolo-
gies are insufficient.  Instead,  meaningful  progress will  depend on integrated
advances  in  battery  materials,  power-system  architectures,  and  intelligent
control. Emerging battery technologies, such as solid-state and silicon-anode
chemistries,  offer promising pathways but must be evaluated in the context
of  system-level  performance  and  integration.  Additionally,  hybrid  power
systems  can  enhance  overall  performance.  Intelligent  battery  management
systems  must  evolve  into  predictive  energy  management  platforms  to
ensure  efficiency,  safety,  and  reliability.  Ultimately,  progress  in  humanoid
robotics will rely on a co-design paradigm that tightly couples battery mate-
rial, systems engineering, and embodied artificial intelligence.
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