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Building smarter, safer and more efficient 
autonomous humanoid robots  

Functional safety

Artificial intelligence

Sensing

Precise, perceptive

and power-efficient

Communications

High-reliability, 

precise and secure

Motor control 

Compact, precise, 

and power-efficient

Computing

Smart, low power 

and small form factor

Power

Reliable, efficient, 

and power dense
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Hips, knee
6 to 8 high-power motors (>2.4kW)
Microcontroller, motor drive, GAN, current and voltage 
sensing, torque sensor, Ethernet, EtherCAT, CAN, encoder

Hands
8 to 24 low-power motors (<30W)

Microcontroller, motor drive, GAN, current and voltage sensing, 
tactile & torque, sensor, Ethernet, EtherCAT, CAN, encoder

Wrist, elbow, shoulders, neck, ankle
12 to 22 mid-power motors (75W to 1.5kW)

Microcontroller, motor drive, GAN, current and voltage sensing, 
torque sensor, Ethernet, EtherCAT, CAN, encoder Battery pack

2.3kWh, 48V
Microcontroller, battery management system, battery 
charger, Ethernet, CAN

Perception sensing
Camera, lidar, mmWave radar, audio 

System controller
Graphics processing unit, CPU, Ethernet, CAN, Texas 
Instruments (TI) FPD™-Link technology

Technology enabling humanoid robots



Real-time control: Quickly achieve smooth, accurate motion

Efficient power management: Create compact, efficient and fully 

protected servo drive power-stage modules
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C2000™ microcontrollers and Arm®-Cortex-based processors provide 

high-performance, real-time control for: 

• Precision, stability and safety

• Minimal communication and processing delays 

• Best-in-class motion control, cycle time and path accuracy

Integrated AI hardware accelerators enable:

• Enhanced real-time control 

• Monitoring capabilities

GaN technology enables:

• > 50% size reduction in the power stage using integrated drivers, 

compared to silicon MOSFET alternatives

• High-frequency PWM control in the hundreds of kHz range with ultra-

low switching losses

Enabling technology | Motor control



Hand

5-20 

motors

Wrist

3 

motors

Elbow

1 

motor

Shoulder

1-3 

motor

48V joint motor control

Motors in humanoid arm and hand

F28P65

2xC28x + CLA 

@200MHz

AM261X

1-2x R5F 

@500MHz

DP83TD5x 

10BASE T1S

SPI MACPHY

DP83TC813

100BASE-T1 

Ethernet PHY

TMAG6180 

Angle 

sensor

LDC507x

Inductive

sensor

AMC0106

Isolated delta-

sigma modulator 

for current sensing 

INA241A

Current sense 

amplifier 

Multi-axis hand motor control

MCU

Motor drivers 

Communications

Sensing 

DP83826A

10/100Mbps 

Ethernet PHY 

TCAN1044A

CAN 

transceiver

MSPM0

Arm Cortex-M0+ 

MCUs

DP83TC815

100BASE-T1 

Ethernet PHY

Brushless coreless motor Borderless torque motor

Motor types
DRV7167

100V, 70A 

Half-bridge 

GaN Motor Driver

DRV837x

3-phase 48V

Int. FET motor 

driver

Communications

LMG3100

100V, 100A 

GaN power

stage

DRV835xF

3-phase 48V 

Smart Gate Driver, 

STO capable

DRV8162

100V, Half-bridge 

Smart Gate Driver, 

STO capable

Compact, precise, and power-efficient

Motor control solutions in humanoids
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Key components:

TMS320F28P65, LMG2100, INA241, AMC0106

• Reduce robot size with TI GaN 

• High efficiency (99.3% peak)

• Up to 16Arms continuous current without heatsink

• Small form factor LMG2100R044 GaN power stage

• Enables high power density and ease PCB layout

Key components:

TMS320F28P65, DRV8162, INA241A, AMC0106

• High current capability using Parallel MOSFETs

• Independent shutdown path for High side and Low side

• Showing measurement up to 85A with 300µOhm shunt

Key components: 

AM2612, DRV7167, AMC0106, DP83826, TPS65036

• Driver board combines joint motor to test whole system

• Arm based 500M R5F X 2 MCU-AM2612

• Small form factor with round PCB as real application 

• 48V/20A_RMS base on DRV7167 with OCP 

• Current sensing base on AMC0106 (delta sigma)

TIDA-010936: 48V/16Arms 3-Phase GaN inverter (released) TIDA-010979: 48V/1kW motor joint design with AM2612 (development)

TIDA-010956: 48V/85A 3-Phase FET inverter 4kW (released)

Key components:

TMAG6180, MSPM0G3507, THVD1454, REF3530

• Very low noise absolute rotary angle better than 15 ENOB

• Low angle accuracy error less than 0.1° at low latency 16us

• AMR sensor and integrated hall sensor for quadrant 

detection enable 360° measurements

TIDA-010947: High resolution low latency absolute encoder with AMR (released)

Key components:

TMS320F28P650, DRV837x, DP83826, TPS65035x-Q1

• Single F28P65 MCU to control 6 motor axis with EtherCAT

• Small form factor design to reduce PCB size 

• High efficiency and power density with DRV837x with 

integrated current sense and FETs 

TIDA-010992: Multi-axis motor control with F28P65 for robot hand (development)

Key components:

LDC5072, TLV906x, MSPM0G3507, ADS9327

• High-resolution absolute inductive rotary angle encoder

• Absolute angle error <0.1 deg, ENOB better than 16-bit

• Removes the need for magnets lowering system cost

TIDA-010961: High resolution inductive absolute angle encoder (released)

Compact, precise, and power-efficient

Motor control system solutions in humanoids



MSP430FR267x 

Cap touch 

sensing MCU

TMAG3001

Three-axis 

linear hall-effect 

sensor

LDC3114

Inductance to 

digital 

converter

MSPM0

Arm Cortex-M0+ 

MCUs

PGA302

Sensor signal 

conditioner

INA819

precision 

instrumentation 

amp

Torque sensor

MCU

Magnetic sensors

Inductive & capacitive 

Torque sensors

Torque 

sensors
Tactile 

sensors

3D Hall 

Effect 

Sensor

Capacitive 

or Inductive 

AFE

MCU

MCU

Inductive Capacitive

Magnetic

FDC1004

Capacitive

Sensor

TMAG51x

Magnetic 

sensors

AMP ADC MCU

ADS131M0x

Delta-sigma 

ADC 

Torque and tactile sensor solutions in humanoids

Tactile sensor



Enabling technology | Communication

Gain precise, safe motion with 

timely communication
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Real-time communication interfaces, such as 

standard or Single-Pair Ethernet (SPE) enable:

• Timely data exchange between systems

• Precise and safe motion 

TI’s latest physical layer (PHY) + high-performance 

real-time MCUs:

• Support various industrial communication protocols 

up to gigabit speeds

• Help reduce cable weight, complexity and points of 

failure
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Future trend 

Battery interface

• Single Twisted Pair Ethernet – 10base-T1S

Perception sensing

• Standard Ethernet or Single Twisted Pair 100Mbit or 1Gbit

• SerDes (FPD-Link) 

Tactile sensor (TS) 

• Single Twisted Pair 10base-T1S

Actuator

• Single Twisted Pair Ethernet 100Mbit or 10base-T1S

• CAN XL

Encoder + Torque sensor (E+T)

• 10base-T1S

Today

Battery interface

• CAN FD

Perception sensing

• Ethernet 100Mbit or 1Gbit 

• Serdes (FPD-Link)

Tactile sensor (TS)

• CAN FD or 100base-tx (EtherCAT)

Actuator 

• Standard Ethernet 100Mbit

• CAN FD

Encoder + Torque sensor (E+T)

• RS485 or CAN

Robot 
Navigation

Robot 
Perception

Motion 
Controller

GPUE+T

E+T

E+T E+T

E+T

E+T

E+T

TS

E+T

TS

E+T

E+T E+T

E+T

E+T

E+T

E+T

E+T

Gateway

Gateway

Evolution of humanoid communication interfaces



DP83TD5x 

10BASE T1S

SPI MACPHY

DP83TC812

100BASE-T1 

Ethernet PHY

MCU

Ethernet

FPD™-Link

CAN & RS485 

DP8382X 

10/100Mbps 

Ethernet PHY 

TCAN1044A

CAN 

transceiver

TCAN3414

CAN  

transceiver

DP83TC813R 

100BASE-T1 

Ethernet PHY

THVD1426

RS485 

transceiver

THVD1451

RS485 

transceiver

F28P65

2xC28x + CLA 

@200MHz

AM261X

1-2x R5F 

@500MHz

DP83TC812-IND-SPE-EVM

Robot 

CTRL

Joint 1

Joint 2

Joint 3

Multi-node daisy chain

Single-pair Ethernet communication

EtherCAT

DS90UB971

Camera 

serializer

DS90UB97x

Camera 

deserializer

AM243

2x RF5  @800MHz 

+ 1x M4F @ 

400MHz

DP83TC815

100BASE-T1 

Ethernet PHY

High-reliability, precise and secure

Communications solutions in humanoid robot

DP83TC812EVM-MC

TCAN6062-Q1

CAN XL 

transceiver



Enabling technology | Precision sensing 

Increase performance and speed, 

without compromising response time
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High-accuracy mmWave sensors enable:

• Close human/robot collaboration

• Precise, 360-degree data collection

TI’s mmWave portfolio is:

• Precertified to Safety Integrity Level 2 from 

TÜV SÜD

• Capable to fulfill the International 

Electrotechnical Commission (IEC) 61496-5 

standard requirements for radar-protective 

devices



AM62A

4x A53 2 TOPS 

vision SoC

LP8775

SIL-2 certified 

PMIC for radar 

Processor 

Radar 

Communications

PMIC 4 RX

3 TX 

Cortex R4F

200MHz

1.75 MB

RAM

FFT

200Mhz

DSP

600MHz
SPI

Antenna on Package 

mmWave Radar

Safety PMIC

SPI

Power

IWR6843AOP

DSP, 4x3 Rx/Tx, 

60 to 64-GHz 

mmWave  

IWR6844

DSP, 4x4 Rx/Tx, 

57 to 64-GHz 

mmWave  

IWR6243

Front-end, 4x3 

Rx/Tx, 57 to 64-

GHz mmWave  

IWR6432AOP

MCU, 3x2 Rx/Tx, 

57 to 64-GHz 

mmWave  

TIDA-010281 mmWave radar + safety PMIC (development) 

TDA4X

up to 4-8x A72

up to 32 TOPS

Jacinto™

AM64X

4x R5 & 4 x A53

Sitara™ processor

Performance (DMIPS, TOPS, GFLOPS), features

SK-AM62A-LP TDA4VE Eval. Board TDA4VH Eval. BoardTDA4VEN Eval. Board

Processor platforms 

Camera

AM62A7 

IWR6843AOP

Camera + radar sensor fusion

DP83867IR

Gigabit 

Ethernet PHY 

transceiver

DS90UB97x

FPD™-Link 

Camera 

serializer

DS90UB97x

FPD™-Link 

Camera 

deserializer

Precise, perceptive and power-efficient

Perception sensing solutions in humanoid robot

TPS6594-Q1 &

LP8764

SIL-3 certified 

PMIC for processor 

https://www.ti.com/tool/SK-AM62A-LP
https://www.ti.com/tool/J721EXCPXEVM
https://www.ti.com/tool/J784S4XEVM
https://www.ti.com/tool/J722SXH01EVM


Increased autonomy and safety with 

intelligence at the edge

Enabling technology | Edge AI

16

Bringing intelligence closer to where data is 

collected enables: 

• Lower latency

• Higher power efficiency

• Improved performance and security 

TI’s scalable, cost-optimized portfolio powers 

multi-sensor, AI-enabled humanoids with 

enhanced safety:

• Our hardware and software solutions enable up 

to SIL-3 and ASIL-D  designs 

Scalable family of processors built for robotics 

applications



Object detection demo for 

autonomous navigation
Safety island architecture on 

TDA4 processors AM62A

4x A53 2 TOPS 

vision SoC

Processor 

Audio CODEC and amplifier 

TAC5112

Low power audio 

codec

TPA3110D2

Class-D 

amplifier 

TAA5412

Stereo Audio ADC 

with mic bias

TDA4X

up to 4-8x A72

up to 32 TOPS

Jacinto™

TAS6511-Q1 

Class-D 

amplifier 

TAS5815

Class-D 

amplifier 

Precise, perceptive and power-efficient

Edge AI solutions in humanoid robot

Audio system block diagram Radar 

IWR6843AOP

DSP, 4x3 Rx/Tx, 

60 to 64-GHz 

mmWave  

IWR6844

DSP, 4x4 Rx/Tx, 

57 to 64-GHz 

mmWave  

IWR6243

Front-end, 4x3 

Rx/Tx, 57 to 64-

GHz mmWave  

IWR6432AOP

MCU, 3x2 Rx/Tx, 

57 to 64-GHz 

mmWave  

AM64X

4x R5 & 4 x A53

Sitara™ processor

MCU

F28P65

2xC28x + CLA 

@200MHz

AM261X

1-2x R5F 

@500MHz

AM243

2x RF5  @800MHz 

+ 1x M4F @ 

400MHz



Reliable, efficient and power dense

Enabling technology | Power 
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Enable safe, efficient energy usage across 

humanoid robots, ensuring extended runtime, 

safety, and compact designs:

• Scalable BMS architectures 

• Accurate cell monitoring & protection 

• Efficient power conversion

• Simplified system designs

Functional safety compliance:

• Diagnostics supporting IEC 61508 and SIL levels



BMS solutions in humanoid robots

BMS system block diagram 

AC/DC charger system block diagram 

MCU 

Battery monitor  

Battery charger

Battery gauge

BQ76972

Battery monitor 

and protector 

BQ34Z100

Battery gauge 

AM261X

1-2x R5F 

@500MHz

BQ41Z90

Monitor, protector, 

and gauge 

BQ25756

Battery charge 

controller 

BQ79656-Q1

Battery monitor 

and protector 

BQ79758B-Q1

Battery monitor 

and protector 

MSPM0

Arm Cortex-M0+ 

MCUs

F28P65

2xC28x + CLA 

@200MHz

BQ24075

Battery charge 

controller 

Reliable, efficient, and power dense 



Key components:

BQ769x2, BQ77216, TCAN1044, MSP430FR2155

• Ultra-low current consumption 

• High cell voltage accuracy without calibration 

• Robust battery cell protection 

• Reverse charger and high voltage on PACK side 

• High-side N-channel MOSFET and strong drive capability

Key components:

TMS320F280039, LMG3522R17, TMCS1100

• 3.6kW, 54V output with 185mm x 73.5mm x 40mm

• Higher than 80 plus titanium efficiency with all GaN

• Ultra-compact LLC module with PCB windings  

Key components: 

BQ769x2, THVD1400, MSP430FR2155

• Low current consumption 

• High cell voltage accuracy without calibration 

• Robust battery cell protection 

• Low-side N-channel MOSFET and strong drive capability

TIDA-010208: 5-16s high-side FET battery pack (released) TIDA-010216: 5-16s low-side FET battery pack (released) 

PMP4114: 3.6kW, 54V, single-phase, AC/DC rectifier with GaN (released)

Key components:

UCC256403, UCC28180, UCC28911, UCC27517

• Peak efficiency of 95.9% at 230-V AC and 95% across 

30%~100% load

• CCM PFC and half bridge LLC based (UCC28180 and 

UCC256403)

TIDA-010081: >95% efficiency, 1kW analog control AC/DC (released)

Compact, precise, and power-efficient

BMS system solutions in humanoids

BAT+

BAT-

Cell16

Cell1

TMP61

TMP61

AFE

BQ76972CB

Transistors 

VC16

VC0

VC1

VC15

TMP61

TMP61

FUSE

MCU

MSPM0G3519

/G3507

CAN

CAN

TCAN1044V

UART

TCAN1044V

THVD1410

ESD

PACK+

LM51635V

3.3V

TPS7A24 BAT+

PACK-

I2C

*Non-isolated Interface

*Refer to TIDA-010208

BAT+

BAT-

Cell16

Cell1

TMP61

TMP61

AFE

BQ76972CB

Transistors 

VC16

VC0

VC1

VC15

TMP61

TMP61

FUSE

MCU

MSPM0G3519

/G3507

PACK+

LM5163 12V

3.3V
TPS7A24

BAT+

PACK-

I2C

UCC27517

PDSG

UCC27524

CAN

CAN

ISO1042B

UART

ISO1042B

ISO1410B

ESD

TPS54308
5V

12V

12V

5V

*New Power Rail with 12V Rail

*Refer to TIDA-010216

DDSG

DCHG
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Enabling technology | Functional safety

Streamline your functional safety system 

certification

21

TI’s functional safety expertise enables 

product readiness through: 

• Compliance with functional safety standards, 

including IEC 61508

• Documentation and resources

• Functional safety failure-in-time rates 

and failure modes

• Effects and diagnostics analysis

• Safety certificates and software 

diagnostics libraries



Industrial functional safety 

real-time microcontrollers

Functional Safety over 

EtherCAT (FSoE)
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Up to SIL-3 complaint Industrial 

functional safety real-time MCUs

Safe motor drive

F28P65

2xC28x + CLA 

@200MHz

MCU

AM261X

1-2x R5F 

@500MHz

MCU

Up to SIL-3 complaint functional 

safety processors

Safe system controller

TDA4

up to 4-8x A72

up to 32 TOPS 

Safe channel A

Safe channel B

Application

(Compute/Communication)

Servo 

Drive

System Controller

SIL-2 FuSa compliance as per       

IEC 61508 mmWave sensors

Safe radar sensor

IWR6843

60 to 64-GHz 

mmWave  

4 RX

3 TX 

Cortex R4F

200MHz

1.75 MB

RAM

FFT

200Mhz

DSP

600MHz
SPI

Antenna on Package 

mmWave Radar

Safety PMIC

SPI

Power

System Controller

PHY

Drive

PHY PHY

MCU MCU

Next drive

AM261X

1-2x R5F 

@500MHz

Sensing

Precise, perceptive

and power-efficient

Communications

High-reliability, 

precise and secure

Motor control 

Power-efficient, 

precise, and compact

Computing

Smart, low power 

and small form factor

Power

Reliable, efficient, 

and power dense

DRV7167

Half-bridge GaN

Power Stage

Building safer robotics 

AM243

2x RF5  @800MHz 

+ 1x M4F @ 

400MHz

LP8775

SIL-2 certified 

PMIC for radar 

TPS6594-Q1 &

LP8764

SIL-3 certified 

PMIC for processor 



Customer case studies | Apptronik and Amazon

Designing Proteus: Amazon's first autonomous mobile robotApptronik and TI: Building innovative humanoids for the future

https://www.ti.com/about-ti/company/case-study/amazon-robotics.html
https://www.ti.com/about-ti/company/case-study/apptronik.html


Access our latest humanoid and mobile robots design content
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Learn more at TI.com/robotics

Motor control | Communications | Computing | Perception sensing | Functional safety

https://www.ti.com/design-development/educational-resources/e/humanoid-mobile-robot-ebook.html
https://www.ti.com/design-development/educational-resources/e/humanoid-mobile-robot-ebook.html#motor-drive
https://www.ti.com/design-development/educational-resources/e/humanoid-mobile-robot-ebook.html#communications
https://www.ti.com/design-development/educational-resources/e/humanoid-mobile-robot-ebook.html#computing-processing
https://www.ti.com/design-development/educational-resources/e/humanoid-mobile-robot-ebook.html#perception-sensing
https://www.ti.com/design-development/educational-resources/e/humanoid-mobile-robot-ebook.html#safety
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Visit www.ti.com/npu
For more information on the New Product Update 

series, calendar and archived recordings

http://www.ti.com/npu
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