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Energy Has to Flow Both Ways
Regeneration, Negative Mechanical Work and the Bidirectional Power Architecture of Humanoid Motion
Author: Dirk Geiger | Date: 2026.09.06 | Contact: info@dxresearch.eu
Humanoid efficiency depends on capturing, routing and absorbing negative mechanical work through coordinated bidirectional actuation, power electronics and energy control.

Executive Summary
Humanoid robots do not only consume mechanical power. During walking, lowering loads, decelerating limbs and absorbing disturbances, many joints perform negative mechanical work. If the drive architecture dissipates that energy as heat, the robot loses runtime while increasing thermal stress. This chapter treats regeneration as a whole-body energy-flow problem rather than a motor feature. It explains how backdrivable electric actuators can shift from motoring to generating, how bidirectional inverters return current to a shared DC bus, and how the system must decide whether recovered energy should feed concurrent loads, recharge the battery, enter an intermediate storage element, or be dissipated safely. Battery state, temperature, charge acceptance, bus voltage, semiconductor losses and simultaneous joint events constrain what can be recovered. The semiconductor architecture therefore needs bidirectional power stages, current and voltage sensing, coordinated control, protection, braking paths and energy-aware software. Efficient humanoids must manage energy in both directions across motion cycles.
Motion Is Not a One-Way Energy Problem
Humanoid robots are usually drawn as energy consumers: a battery feeds a DC bus, power electronics energize motors, and motors create motion. That picture is incomplete. A moving robot repeatedly enters phases in which its mechanisms absorb energy rather than produce it. At a joint, mechanical power is the product of joint torque and joint angular velocity. When torque acts in the direction of motion, the joint performs positive work. When torque opposes motion, the joint performs negative mechanical work. Human gait measurements show these alternating positive and negative phases at the hip, knee and ankle, and the amount of each changes with locomotion task and speed.[1] For a robot, negative work appears during controlled deceleration, lowering a payload, absorbing a push, settling after a step, braking a swinging limb, or transferring energy between body segments. It is not automatically waste. If the electromechanical drivetrain is sufficiently backdrivable, the motor can operate as a generator and push electrical power back through the inverter. Recent measurements on a physical Unitree G1 arm explicitly identify negative net-power trajectories during coordinated motion, demonstrating that reverse electrical power flow is already observable in contemporary humanoid hardware.[2]
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Figure 01 — Negative mechanical work appears during gait, controlled load lowering and limb deceleration, creating opportunities for regeneration.

From Negative Work to Regenerative Energy
The central conversion is straightforward in principle. A permanent-magnet or other electric machine that produces torque from electrical current can also produce electrical power when mechanical motion drives it. The difficult part is making the surrounding system accept that power predictably. Humanoid actuator research emphasizes that transmission architecture, backdrivability, bandwidth and mechanical design strongly influence how naturally an actuator can exchange energy with the mechanism.[3] Energy-efficient humanoid leg research reaches the same broader conclusion: mechanism and actuator choices materially affect lower-body electrical energy demand and therefore the recoverable-energy opportunity.[4] The useful electrical quantity is regenerative energy: energy returned toward the DC bus when an actuator operates as a generator. Regeneration does not require a special second motor. It requires a power stage and control strategy that can command current in both torque directions while managing reverse power flow. Automotive traction inverters provide a mature reference architecture. They regulate motor torque during propulsion and enable regenerative braking that returns energy toward the battery, using power switches, gate drivers, current sensing, real-time control and protection.[5] Robotics adds a distinctive complication. A humanoid may have dozens of actuators entering motoring and generating states at different times. The robot power grid must therefore behave less like a passive harness and more like a shared energy network. One joint can be decelerating while another accelerates. If their timing overlaps and the bus architecture permits it, regenerated power can support an active load without first being stored chemically. This is often the most efficient destination because it avoids an additional battery charge-discharge conversion cycle.
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Figure 02 — A bidirectional inverter connects mechanical motion to a shared DC bus and coordinated energy destinations.

The DC Bus Becomes the Coordination Point
Regenerative power first appears as a tendency for DC-bus voltage to rise. That makes bus-voltage sensing a primary control signal rather than merely a diagnostic. If the system has enough concurrent load, reverse power can be consumed immediately elsewhere. If not, the energy-storage system must accept it. A bidirectional DC/DC stage can deliberately control power between buses or between a DC bus and storage; Texas Instruments demonstrates this principle in a digitally controlled bidirectional buck-boost reference design intended for regeneration and battery-charging applications.[6] The battery is not an infinite sink. Its charge acceptance depends on chemistry, state of charge, temperature, voltage, cell balance, aging and the duration of the power pulse. Peer-reviewed fast-charge work shows that safe lithium-ion charging boundaries change materially with temperature, cell voltage and pulse conditions.[7] A battery management system must therefore communicate more than an estimated state of charge. For regenerative operation it should expose a dynamic acceptance envelope: how much reverse power can be absorbed now, for how long, and with what margin. If generated power exceeds all useful destinations, DC voltage continues to rise. That condition is DC-bus overvoltage, and it requires a deterministic protection response. A practical 24/48-V servo reference from STMicroelectronics includes dedicated circuitry to control bus voltage during regenerative braking and can divert power to an external resistor that clamps the bus at a safe level.[8] The resistor is energetically inefficient, but it is functionally essential when the alternative is overstressing power semiconductors, capacitors, connectors or battery interfaces.
Useful Energy Has a Priority Order
A robust humanoid should therefore treat regenerated energy through an explicit hierarchy. First, supply concurrent robot loads when the shared bus allows direct power exchange. Second, charge the main battery within its permitted acceptance envelope. Third, use intermediate storage where the architecture provides it; a supercapacitor or dedicated buffer can absorb short high-power bursts that a high-energy battery may reject. Fourth, reduce regenerative torque or reshape motion when the electrical system approaches its limits. Finally, dissipate residual energy through a controlled braking path when no reversible destination remains. This hierarchy is not only an efficiency policy. It is a stability policy. The motion controller cannot demand unlimited negative torque independently of the power system. If the battery is cold and nearly full, the safe electrical regeneration limit may fall far below the mechanical braking capability. Conversely, if another set of joints is accelerating, the system may accept a large regenerative pulse because that power is immediately consumed. The permissible braking envelope is therefore state dependent.
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Figure 03 — Whole-body energy management chooses among useful loads, battery, buffer storage, motion adaptation and safe dissipation.

Regeneration Is a Control Problem Before It Is an Efficiency Number
It is tempting to ask what percentage of humanoid energy can be recovered. A single universal percentage is misleading. Recovery depends on task, gait, transmission, motor efficiency, inverter losses, battery acceptance, the timing of positive and negative work, and whether mechanical elastic elements already recycle part of the energy internally. Human locomotion itself illustrates this complexity because negative and positive joint work coexist with elastic storage and return.[1] Robot experiments reinforce the same point. Regenerative damping can improve energy-performance trade-offs, but its benefit depends on how impedance, damping and task dynamics are coordinated.[9] A rigid efficiency target can even work against motion quality if the controller delays braking or alters joint trajectories simply to maximize electrical recovery. The design objective should instead be to preserve task performance and safety while recovering energy whenever the system has a valid destination for it. This changes the software architecture. The motor-control loop still regulates phase current and torque at high bandwidth, but a slower supervisory layer must continuously qualify the reverse-power envelope. It combines phase currents, motor speed, DC-bus voltage, temperatures, battery state, acceptance limits and protection status. Whole-body control can then treat available regenerative capacity as a physical constraint, just as it treats joint torque, friction cones and contact limits.
Semiconductor Architecture for Energy in Both Directions
The semiconductor implications are distributed. The inverter needs power switches that tolerate bidirectional current flow and provide low conduction and switching losses in both motoring and generating states. Gate drivers must manage switching transitions, undervoltage, overcurrent and fault responses. Phase-current sensing determines electromagnetic torque and therefore the quality of both motoring and regenerative control. DC-bus voltage sensing reveals whether the energy network is absorbing or accumulating power. Real-time microcontrollers coordinate field-oriented control, energy limits, diagnostics and communication with the BMS. Protection devices and braking paths complete the architecture. A design that can regenerate but cannot safely handle a full battery, disconnected battery, failed communications link or bus fault is incomplete. Likewise, a system that always dumps negative work into a resistor throws away potential runtime and creates thermal load. The engineering objective is not regeneration at any cost, but controlled reversibility with deterministic fallback. Power-semiconductor selection also changes the trade space. Lower switching and conduction losses increase the fraction of mechanical energy that survives the round trip into the electrical domain. Higher bus voltage can reduce current for a given power level, but raises insulation, switching, transient and safety requirements. Integrated current sensing, protected gate drivers and intelligent power stages can improve observability and fault containment. Bidirectional DC/DC conversion can decouple battery voltage from high-power actuator buses and create a controlled interface for buffer storage or charging.[6]
Whole-Body Timing Creates a New Optimization Layer
The largest architectural opportunity may be coordination across joints rather than optimization of each joint independently. During a walking step, one joint may absorb energy while another produces it. During manipulation, one arm may lower an object while torso and leg actuators consume power to maintain balance. A centralized or zonal energy manager can exploit these overlaps by monitoring aggregate bus power and making regenerative limits visible to motion planning. This does not require every control decision to be centralized. Local drives should still protect themselves and regulate current deterministically. What changes is the information exchanged among layers: available reverse-power capacity, bus-voltage margin, battery acceptance, expected regenerative events and actual recovered energy become explicit state variables. The same measurements can support runtime estimation, thermal prediction, actuator diagnostics and energy-aware motion planning. The Unitree G1 power-model work is particularly relevant because it demonstrates that electrical power can be predicted across coordinated multi-joint trajectories rather than treated as a fixed actuator constant.[2]
Energy Recovery Must Remain Secondary to Safety
Humanoid braking is mechanically safety critical. A robot must not weaken a required stopping response merely because the battery cannot accept energy. If the electrical path saturates, control must transition to another safe mechanism: reduce commanded regeneration, use dynamic braking, divert energy to a resistor, alter motion while preserving stability, or employ mechanical braking where present. ST's servo reference demonstrates the simplest electrical form of that principle by clamping regenerative bus energy into a resistor when necessary.[8] For this reason, regenerative capacity belongs inside the robot's minimum-risk reasoning but should never define it alone. The energy manager informs the control system about what the electronics can absorb; the safety architecture decides what motion is required. When those constraints conflict, protection and controlled motion take precedence over energy capture.
Designing for the Round Trip
The next generation of humanoids will be judged not only by peak torque or battery capacity, but by how efficiently energy circulates through the machine. Negative work is unavoidable in dynamic motion. Whether it becomes useful energy, unnecessary heat or an electrical hazard depends on architecture. The practical design principle is simple: every actuator that can absorb mechanical energy should have an intentional electrical destination for it. The motor, inverter, DC bus, storage system, protection path and control software must be designed as one reversible chain. Automotive electrification already proves that large-scale bidirectional motor energy flow is practical.[5] Humanoid robotics extends that principle into a far more distributed machine with many simultaneous energy sources and sinks. Energy efficiency therefore becomes a coordination property. Efficient humanoids will not merely consume less. They will know when motion is giving energy back, determine whether that energy is useful, route it through semiconductors that can handle both directions, and protect the system when there is nowhere safe for it to go. That is what it means for energy to flow both ways.
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Glossary
Backdrivability: Ability of an external load at the robot link to drive motion backward through the transmission toward the motor.
Battery Management System: The electronic system that measures, estimates, protects, communicates and controls battery operating state across cells, modules and pack functions.
Charge acceptance: The instantaneous electrical power or current that an energy-storage system can accept without violating voltage, temperature, state or durability limits.
DC-bus overvoltage: A DC-link voltage excursion above its permitted operating range, including excursions caused by regenerative power exceeding available absorption capability.
Negative mechanical work: Mechanical energy absorption that occurs when joint torque opposes joint angular velocity, such as during controlled deceleration or lowering.
Regenerative energy: Electrical energy returned toward the DC bus when actuators operate as generators during braking or back-driven motion.
Robot power grid: Hierarchical electrical architecture that distributes, converts, protects, measures and controls energy flow across a robot.
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Figure 01 - Negative Mechanical Work in Humanoid Motion
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Figure 02 - Bidirectional Actuation and Regenerative Energy Architecture
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Figure 03 - Energy Absorption and Destination Decision Logic
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