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A control system for achieving high-speed torque for a joint 
of a robot includes a printed circuit board assembly (PCBA) 
having a collocated joint processor and high-speed commu-
nication bus. The PCBA may also include a power inverter 
module (PIM) and local sensor conditioning electronics 
(SCE) for processing sensor data from one or more motor 
position sensors. Torque control of a motor of the joint is 
provided via the PCBA as a high-speed torque loop. Each 
joint processor may be embedded within or collocated with 
the robotic joint being controlled. Collocation of the joint 
processor, PIM, and high-speed bus may increase noise 
immunity of the control system, and the localized processing 
of sensor data from the joint motor at the joint level may 
minimizebus cabling to and from each control node. The joint 
processor may include a field programmable gate array 
(FPGA). 
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INTEGRATED HIGH-SPEED TORQUE 
CONTROL SYSTEM FOR A ROBOTIC JOINT 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with government support under 
NASA Space Act Agreement number SAA-AT-07-003. The 
government may have certain rights in the invention. 

TECHNICAL FIELD 

The present invention relates to the control of a robot, and 
in particular to an electronic control system providing high-
speed torque control of one or more robotic joints. 

BACKGROUND OF THE INVENTION 

Robots are automated or autonomous devices that are able 
to manipulate objects using a series of rigid links, which in 
turn are interconnected via articulations or motor-driven 
robotic joints. Each joint in a typical robot represents at least 
one independent control variable, also referred to as a degree 
of freedom (DOE). End-effectors are the particular links used 
for performing a task at hand, e.g., grasping a work tool or an 
object. Therefore, precise motion control of a robot may be 
organized by the level of task specification: object level con-
trol, which describes the ability to control the behavior of an 
object held in a single or cooperative grasp of a robot, end-
effector control, and j oint level control. Collectively, the vari-
ous control levels cooperate to achieve the required robotic 
mobility, dexterity, and work task-related functionality. 

Humanoid robots in particular are robots having an 
approximately human structure or appearance, whether a full 
body, a torso, and/or an appendage, with the structural com-
plexity of the humanoid robot being largely dependent upon 
the nature of the work task being performed. The use of 
humanoid robots may be preferred where direct interaction is 
required with devices or systems that are specifically made 
for human use. Due to the wide spectrum of work tasks that 
may be expected of a humanoid robot, different control 
modes may be simultaneously required. For example, precise 
control must be applied within the different spaces noted 
above, as well as control over the applied torque or force, 
motion, and the various grasp types. 

SUMMARY OF THE INVENTION 

Accordingly, an electronic control system is provided for 
use with a robot. The control system establishes a high-speed 
torque control loop for a robotic joint having one or more 
electric motors and, as needed, a gear reduction assembly. 
Within the scope of the present invention, the control system 
includes a dedicated, programmable logic device or joint 
processor in the form of a printed circuit board assembly 
(PCBA) that is collocated with and/or embedded within a 
robotic joint to control the torque output of the motor(s) or 
actuator(s) driving that particular robotic joint. In one 
embodiment, the joint processor may include one or more 
field-programmable gate array (FPGA)-based processors, 
e.g., 300 MHz processors in one embodiment, in order to 
optimize overall programming flexibility, however the joint 
processor is not so limited. 

Additionally, the PCBA contains a power inverter module 
(PIM), a high-speed communication bus, and local sensor 
conditioning electronics (SCE), as well as sufficient memory 
for processing and executing the various control algorithms 

that exercise precise motion control over the robot. All of 
these elements are collocated on a single PCBA as described 
below. The PCBA has a high power density, e.g., approxi-
mately 130 W/in 2  to approximately 400 W/in 2  according to 

5 one embodiment. A high-speed torque control loop is thus 
provided, which may be approximately 10 KHz to approxi-
mately 30 KHz according to one embodiment, or otherwise 
sufficient for ensuring precise feedback control of the motor 
embedded in the robotic joint. 

io 	The robotic control circuit may be fully integrated into a 
single PCBA in order to realize a significant reduction in 
required packaging space, along with providing increased 
noise immunity and minimization of required connectors and 
cabling. The high-speed communication bus may have bit 

15 transfer rates of approximately 50 MHz to approximately 100 
MHz, for example, and may be configured as a multi-drop 
high-speed communication bus device affording sufficiently 
decreased latency, i.e., decreasing the delay associated with 
transferring a packet of information or data to a particular 

20 destination, thereby ensuring optimal robustness of the con-
trol system while allowing future expansion thereof into 
existing and evolving control strategies. 

To maximize the frequency of the motor torque control 
loop, certain processing functions maybe separated from any 

25 required joint coordination control. The joint-level control is 
executed by the j oint processors embedded within the robot at 
or in close proximity to the robotic joint(s) being controlled. 
The joint processors enable a high-speed torque feedback 
loop which commands a motor current as opposed to a volt- 

3o age source command furnished to the joint motor in a more 
conventional manner. Motor torque commands and joint sen-
sor data may be processed and filtered at the joint level using 
the dedicated joint processor collocated with or embedded in 
a given robotic joint. 

35 	In one embodiment, a joint processor may be dedicated to 
each DOE, i.e., a joint having two DOE may have a pair of 
joint processors. In another embodiment, multiple DOE may 
be controlled by a single PCBA, provided some of the 
required circuitry is duplicated. As noted above, the PIM may 

4o also be collocated with the joint processor on the PCBA. As a 
result, localized or joint-level processing of motor sensory 
data is provided aboard the PCBA, which helps to minimize 
the amount of bus cabling required to and from each control 
node, and reduces the amount of electro -magnetic interfer- 

45 ence that would corrupt the data. 
In particular, the control system has a plurality of motor-

driven joints each driven by at least one dedicated j oint motor 
or other actuator. The control system includes a higher-level 
control circuit or brainstem for coordinating the motion of the 

50 various joints, and a plurality of the embedded PCBA noted 
above. The PCBA embodying the joint controller may 
include one or more joint processors and a high-speed bus 
providing a calibrated rate of data transfer between the PCBA 
and the brainstem. The PCBA controls the torque output of 

55 the joint motor using a high-speed feedback torque control 
loop, which is at least approximately 10 KHz according to a 
particular embodiment. The higher-level control circuit pro-
vides both Cartesian control or control in the Cartesian space, 
and impedance-based control of the humanoid robot, without 

6o also controlling the torque output of the joint motor. 
A joint controller in the form of a PCBA is provided for 

controlling the torque output of a motor-driven joint of a 
robot. The robot may be configured as a humanoid robot or 
other suitable robot design, and includes a high-level control 

65 circuit providing both Cartesian control and impedance-
based control of the robot without controlling the torque 
output of the motor. The PCBA includes a joint processor and 
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a high-speed serialized bus providing a calibrated rate of data 
transfer between the PCBA the high-level control circuit. The 
PCBA provides feedback-based torque control of the joint 
motor in a control loop of at least approximately 10 KHz. 

A robot includes a plurality of robotic joints each being 
driven by at least one corresponding joint motor or actuator, 
and a control system having a high-level control circuit and 
the PCBA as set forth above. The PCBA includes a processor 
and a high-speed bus, and may include a PIM and sensor 
conditioning electronics (SCE) for processing analog signals 
from various motor sensors. The high-speed bus provides a 
calibrated rate of data transfer between the PCBA and the 
high-level control circuit. The PCBA is adapted for control-
ling a torque output of the joint motor using a feedback 
control loop of at least approximately 10 KHz, while the 
high-level control circuit provides both Cartesian control and 
impedance-based control of the robot without also control-
ling the torque output. 

The above features and advantages and other features and 
advantages of the present invention are readily apparent from 
the following detailed description of the best modes for car-
rying out the invention when taken in connection with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of a robot; and 
FIG. 2 is schematic illustration of an electronic control 

system that is usable with the robot shown in FIG. 1. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

With reference to the drawings, wherein like reference 
numbers refer to the same or similar components throughout 
the several views, FIG.1 shows a dexterous robot 10 adapted 
to perform one or more tasks with multiple degrees of free-
dom (DOE). According to one embodiment, the robot 10 is 
configured as a humanoid robot as shown with a plurality of 
independently and interdependently-moveable robotic joints, 
such as but not limited to a shoulder joint (arrow A), an elbow 
joint (arrow B), a wristjoint (arrow C), a neckjoint (arrow D), 
and a waistjoint (arrow E), as well as the various fingerjoints 
(arrow F) positioned between the phalanges of each robotic 
finger 19. 

The robot 10 may include a head 12, torso 14, waist 15, 
arms 16, hands 18, fingers 19, and thumbs 21, with the various 
joints noted above being disposed within or therebetween. 
The robot 10 may also include a task-suitable fixture or base 
(not shown) such as legs, treads, or another moveable or fixed 
base depending on the particular application or intended use 
of the robot. A power supply 13 may be integrally mounted to 
the robot 10, e.g., a rechargeable battery pack carried or worn 
on the back of the torso 14 or another suitable energy supply, 
to provide sufficient electrical energy to the various joints for 
movement of the same. 

Each robotic joint may have one or more DOE For 
example, certain joints such as the shoulder joint (arrow A) 
and elbow joint (arrow B) may have at least two DOE in the 
form of pitch and roll. Likewise, the neck joint (arrow D) may 
have at least three DOE, while the waist and wrist (arrows E 
and C, respectively) may have one or more DOE Depending 
on task complexity, the robot 10 may move with over 40 DOE 
Although not shown in FIG. 1 for simplicity, each robotic 
joint contains and is driven by one or more actuators, e.g., 
joint motors, linear actuators, rotary actuators, and the like. 

4 
A distributed control system (C) 24 provides precise 

motion control of the robot 10, including control over the fine 
and gross movements or manipulations of an object 20 that 
may be grasped by the fingers 19 and thumb 21 of one or more 

5 hands 18. The control system 24 may control each joint in 
isolation from the other joints, or may coordinate the actions 
of multiple joints in performing complex work tasks. 

The control system 24 may include multiple digital com-
puters or data processing devices each having one or more 

io microprocessors or central processing units (CPU), read only 
memory (ROM), random access memory (RAM), electri-
cally-erasableprogrammable read only memory (EEPROM), 
a high-speed clock, analog-to-digital (A/D) circuitry, digital-
to-analog (D/A) circuitry, and any required input/output (I/O) 

15 circuitry and devices, as well as signal conditioning and 
buffer electronics. Individual control algorithms resident in 
the control system 24 or readily accessible thereby may be 
stored in ROM and automatically executed at one or more 
different control levels to provide the respective control func- 

20 tionality. 
Still referring to FIG. 1, the control system 24 may include 

a user interface 22 providing a user with intuitive program-
ming or operational access to the robot 10. For example, the 
user interface 22 may include a graphical user interface (GUI) 

25 providing an operator with an intuitive or menu-driven set of 
functional options for limited control over the robot 10. The 
user interface 22 may also include a restricted interface pro-
viding programming access to the robot 10 by engineers, 
programmers, or other restricted personnel having the author- 

30 ity to alter the core control code of the robot. 
Referring to FIG. 2, the control system 24 for precise 

torque control of a joint motor (M) 40 or other joint-level 
actuator includes a plurality of joint-level controllers, each in 
the form of a printed circuit board assembly (PCBA) 30. For 

35 simplicity, only one PCBA 30 is shown in FIG. 2, however as 
noted above the robot 10 of FIG. 1 will include a plurality of 
PCBA, with each PCBA dedicated to control of one or more 
DOE depending on the particular configuration. For example, 
some joints may utilize a single motor or actuator, e.g., a 

40 shoulder roll joint, or multiple motors for DOE that are linked, 
or a wrist joint using two motors to provide 2 DOF, with while 
others, such as tendon-driven j oints of the fingers 19 or thumb 
21, may require more than one motor or actuator per DOE. As 
flexible tendons cannot be pushed, a tendon-driven j oint must 

45 be pulled open and closed, thus lending itself to the use of 
multiple joint motors. 

The control system 24 also includes a control circuit 31, 
which may be physically embedded within the robot 10 
shown in FIG.1 or a separate device. The circuit 31 is labeled 

50 "brainstem" in FIG. 2 to differentiate its function relative to 
that of each PCBA 30. Within the scope of the present inven-
tion, the control circuit 31 receives task-based control input 
signals (arrow 17) from a top-level controller or system com-
mander (SC) 25. In response to the control input signals 

55 (arrow 17), the brainstem or control circuit 31 determines 
which joint or combination of j oints to activate to execute the 
required action or task. The control circuit 31 coordinates the 
motion of the joints required for executing the task, using 
various algorithms 37, e.g., Cartesian control, joint and end- 

60 effector level impedance-based control, etc. Actual sensory 
processing, conditioning, filtering, and torque determination 
is processed locally at the joint level using the plurality of 
PCBA 30, and calculated values are sent to the control circuit 
31 as a set of joint signals (arrow 46). 

65 	As will be understood by those of ordinary skill in the art, 
a PCBA is a generally rigid multi-layered circuit board secur- 
ing and interconnecting various chips and other electronic 
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transmission and processing components, including but not 
limited to those set forth in detail below. Proper circuit board 
fabrication techniques are known in the art, and fully consider 
the use of thermal layers as well as the spacing and intercon-
nectivity of the required power and ground planes between 
each signal layer. Such techniques become especially impor-
tant when consolidating a multitude of processing elements 
on a single PCBA, as shown in FIG. 2. 

The PCBA 30 of the present invention is placed in high-
speed serialized communication with the control circuit 31. 
The PCBA 30 provides low-level motion control of a corre-
sponding joint or closely-positioned joints of the robot 10 of 
FIG. 1, specifically by using localized feedback control of the 
torque output of a given j oint motor 40. As the name implies, 
a joint motor 40 may be positioned within each robotic joint 
(e.g., arrows A-F of FIG. 1) and energized by the PCBA 30 to 
thereby generate the required motor torque and resultant 
motion of the corresponding robotic joint. According to one 
embodiment, the power supply 13, which provided power to 
the PCBA 30, is a 96V/40 A direct current (DC) device, 
although other power supplies may also be used without 
departing from the intended scope of the invention. 

The brainstem or control circuit 31 uses the CPU 37 to 
provide required high-level controls, i.e., complex data pro-
cessing functionality, Cartesian positioning, and/or any 
impedance-based motion control of the robot 10 of FIG. 1. 
The configuration and positioning of the PCBA 30 and its 
serialized data communication with the high-level control 
circuit 31 thus provides relatively high-speed precision 
torque control of the joint motor 40, as well as over any gear 
reduction assembly required within a given robotic joint. 

Aboard the PCBA 30, a joint processor 32 is collocated 
with a power inverter module (PIM) 34, memory 45, sensor 
conditioning electronics (SCE) 36, and a high-speed serial-
ized communication bus 35 for providing increased electron-
ics packaging efficiency as well as increased noise immunity. 
For example, the j oint processor 32, the PIM 34, and the SCE 
36 may be collocated or mounted together on a single PCBA 
having a surface area of approximately 15 square inches or 
less in one embodiment. The PIM 34 may be adapted for 
converting a DC link voltage to the applicable excitation 
waveforms for the particular j oint motor being controlled. In 
another embodiment, the joint processor 32 may be adapted 
for controlling the torque output (arrow T o) of a given motor 
40 positioned within or close to each j oint of the robot 10. The 
PCBA 30 has a high power density and high processing 
power. In one embodiment, the steady-state power density of 
the PCBA 30 is approximately 130 W/in 2, with a peak of 
approximately 400 W/in 2 . 

The j oint processor 32 may include an integrated circuit in 
the form of a field-programmable gate array (FPGA). In one 
embodiment, the FPGA may include a pair of PowerPC or 
other suitable processor modules resident in the FPGA, e.g., 
300 MHz or greater processing speed, floating point capable, 
and with at least 512 MB of non-volatile memory and at least 
64 MB of volatile memory. The processor modules may be 
either hardcore or softcore, as those terms are understood in 
the art. 

Also as will be understood by those of ordinary skill in the 
art, an FPGA is an integrated circuit that includes a two-
dimensional array of general-purpose logic circuits called 
"cells" or "logic blocks" whose functions are programmable. 
The FPGA may include configurable logic blocks (CLB), 
input/output (I/O) blocks, programmable interconnects, etc. 
The CLB may be programmed to perform as a specific com-
binational or sequential circuit. Each CLB may include a 

6 
block of configurable logic elements (CLE) and correspond-
ing programmable routing resources. 

The brainstem/high-level control circuit 31 is in commu-
nication with the PCBA 30 over the high-speed bus 35. Pre- 

5 cise joint-level control of a given joint motor 40, i.e., control 
of the torque output (arrow T o) of any DOE of a particular 
joint by the PCBA 30, may be locally performed aboard each 
PCBA for its designated DOE at a relatively high feedback 
loop rate of approximately 10 KHz to approximately 30 KHz 

io or more, thus reserving high-level Cartesian space and 
impedance-based joint coordination and control for execu-
tion by the brainstem/circuit 31. Data output (arrow 48) from 
the control circuit 31 to each of the PCBA 30 may remain at 
a lower rate of approximately 400 Hz or less without unduly 

15 degrading motor torque control functionality. That is, pro-
cessing power aboard the brainstem/circuit 31 is freed up by 
pushing localized joint control to the embedded joint-level 
processors, such as the individual PCBA 30 embedded in the 
arms 16 or torso 14 of the robot 10 shown in FIG. 1. 

20 Sensors 38 such as resolvers, angle sensors, etc. may be 
electrically connected to the j oint motor 40 and configured to 
measure the angular position of a rotor portion of the motor 
and/or spring deflection if used in a series elastic actuator, and 
to transmit sensory data (arrow 42) in analog form to an 

25 analog-to-digital (A-to-D) converter 33 also positioned 
aboard the joint-level controller or PCBA 30. Torque output 
(arrow To) of the motor 40 may be relayed to the PCBA 30 as 
feedback for processing by the joint processor 32. A torque 
command (arrow T,) may be transmitted by the PCBA 30 to 

30 the motor 40 in a control loop having a sufficiently high-rate, 
which may be approximately 10 KHz to approximately 30 
KHz according to one embodiment as noted above. 

As will be recognized by those of ordinary skill in the art, 
conventional robotic control systems may use a central pro- 

35 cessor to control multiple axes for full Cartesian control, 
position control, and robot sensor processing. A central pro-
cessor may receive packets of information from an FPGA 
commutator representing an accumulated relative shaft posi-
tion of a motor. Using this information, the central processor 

40 ordinarily executes position control routines for each of the 
many different axes, performing Cartesian calculations, and 
processing other sensory data as required. This configuration 
may result in a relatively low motor control loop rate, e.g., 
approximately 400 Hz. 

45 	Therefore, in part to maximize the control loop rate for 
control of the joint motor 40, the present control system 24 
separates high-level and low-level control functionality, and 
utilizes the high-speed serialized bus 35 to enable a high rate 
of data transfer. The low-level control in each robotic joint 

50 consists of a motor torque loop as opposed to only a commu-
tation command to the motor 40. The torque command is 
processed by the joint processor 32 at the joint level, with the 
joint processor being collocated with each joint. 

Additionally, the PIM 34 may be collocated with the pro- 
55 cessor 32 on the PCBA 30, thus increasing noise immunity of 

the overall system architecture. Sensor data is processed 
locally aboard the PCBA 30 rather than globally by the high-
level control circuit 31, potentially resulting in minimized 
cabling to and from each control node. Therefore, since more 

6o data is transferable between the brainstem/control circuit 31 
and the respective node being controlled, high-speed serial-
ization protocol may be implemented. 

While the best modes for carrying out the invention have 
been described in detail, those familiar with the art to which 

65 this invention relates will recognize various alternative 
designs and embodiments for practicing the invention within 
the scope of the appended claims. 
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The invention claimed is: 
1. A control system for use with a robot having a plurality 

of joints each driven by at least one motor, the control system 
comprising: 

a top-level controller configured to generate task-based 
control input signals to thereby command execution of a 
required task; 

a brainstem configured to process the task-based control 
signals to thereby determine which of the joints to acti-
vate to execute the required task, and to coordinate the 
motion of the activated joints; and 

a joint-level controller in communication with the brain-
stem and having a plurality of printed circuit board 
assemblies (PCBAs), wherein each PCBA includes a 
joint processor and a high-speed bus providing a cali-
brated data transfer rate between itself and the brain-
stem; 

wherein each PCBA is configured to control a torque out-
put of the at least one motor only of a corresponding one 
of the joints using a high-speed feedback torque control 
loop of at least approximately 10 KHz, and wherein the 
brainstem provides both Cartesian space control and 
impedance-based control of the robot without also con-
trolling the torque output. 

2. The control system of claim 1, wherein the joint-level 
controller includes a plurality of position sensors configured 
to determine a position and torque of the joints as respective 
analog signals, and wherein each PCBA includes a converter 
chip configured to convert the analog signals to correspond-
ing digital signals, and to communicate the digital signals to 
the joint processor. 

3. The control system of claim 1, wherein each PCBA is 
embedded within the robot and collocated with the joint being 
controlled by that particular PCBA. 

4. The control system of claim 1, wherein the joint proces-
sor includes a field-programmable gate array (FPGA). 

5. The control system of claim 4, wherein the FPGA 
includes a plurality of processing chips, and wherein the 
PCBA has a steady-state power density of approximately 130 
W/in2  to approximately 400 W/in 2 . 

6. A printed circuit board assembly (PCBA) for controlling 
the torque output of a motor-driven joint in a robot, the robot 
having a control circuit adapted for providing both Cartesian 
control and impedance-based control of the robot without 
also controlling the torque output, the PCBA comprising: 

a joint processor; and 
a high-speed bus providing a calibrated data transfer rate 

between the PCBA and a brainstem; 
wherein the motor-driven joint is driven by at least one 

joint motor, and wherein the PCBA is configured to 
provide feedback-based torque control of the at least one 
joint motor in a control loop of at least approximately 10 
KHz, and to receive data output from the brainstem at a 
rate of less than approximately 400 Hz, wherein the data 
output describes the Cartesian control and the imped-
ance-based control. 

7. The PCBA of claim 6, wherein the PCBA has a steady-
state power density of approximately 130 W/in 2  to approxi-
mately 400 W/in2 . 

8. The PCBA of claim 6, further comprising a power 
inverter module (PIM) for converting a DC link voltage into 
excitation waveform usable by the at least one joint motor. 

8 
9. The PCBA of claim 6, further comprising sensor condi-

tioning electronics (SCE) adapted for processing a set of 
signals describing at least a position of a motor of one of the 
motor-driven joints. 

5 	10. The PCBA of claim 6, wherein the PCBA is collated 
with a corresponding one of the motor-driven joints. 

11. The PCBA of claim 6, wherein the PCBA includes a 
field-programmable gate array (FPGA) with a plurality of 
onboard processors each having a processing speed of at least 

10 300 MHz. 
12. The PCBA of claim 11, wherein the PCBA is floating-

point capable, and wherein the PCBA also includes at least 
512 MB of non-volatile memory and at least 64 MB of vola- 

15  the memory. 
13. The PCBA of claim 6, wherein the high-speed bus is a 

serialized bus configured for serializing a stream of output 
data, and for communicating the stream of data to the control 
circuit at the calibrated data transfer rate. 

20 	14. A robot comprising: 
a plurality of joint motors; 
a plurality of motor-driven joints each being driven by at 

least one of the joint motors; and 
a control system having: 

25 	a top-level controller that generates task-based control 
input signals to command execution of a required task 
involving some of the joint motors; 

a brainstem configured to process the task-based control 
signals to thereby determine which of the joints to 

30 	activate to execute the required task, and to coordinate 
the motion of the activated joints; and 

a j oint-level controller in communication with the brain-
stem and having plurality of printed circuit board 

35  assemblies (PCBAs) each including a processor and a 
high-speed bus, the bus providing a calibrated data 
transfer rate between the PCBA and brainstem of less 
than approximately 1 KHz; 

wherein each PCBA is configured to control a torque out- 
40 put of at least one of the joint motors and all degrees of 

freedom only of a corresponding one of the joints using 
a feedback control loop of at least approximately 10 
KHz, and wherein the brainstem provides both Cartesian 
control and impedance-based control of the robot at the 

45 	calibrated data transfer rate without also controlling the 
torque output. 

15. The robot of claim 14, further comprising a position 
sensor configured for determining a position of the motor as 
an analog signal, wherein each PCBA includes a converter 

50 chip that converts the analog signal to a digital signal, and that 
communicates the digital signal to the joint processor. 

16. The robot of claim 14, wherein each PCBA is posi-
tioned within the joint that is being controlled by the PCBA. 

55 	
17. The robot of claim 14, wherein the processor includes 

a field-programmable gate array (FPGA). 
18. The control system of claim 1, wherein the brainstem 

has a data output rate of less than approximately 400 Hz. 
19. The robot of claim 14, wherein the robot has at least 40 

60  degrees of freedom (DOF), and wherein each PCBA controls 
all of the DOF of only one of the joints. 
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