he Defense Advanced Research Projects Agency Revolutionizing Prosthetics

2009 program tasked APL with developing a neurally controlled prosthesis to

restore function and dexterity to soldiers with upper-arm amputations.
The result of this program is the Modular Prosthetic Limb (MPL), which is currently
undergoing testing at the University of Pittsburgh and the California Institute of Tech-

nology with humans and nonhuman primates. In this article, we provide an overview

of the human—machine interface (HMI) between the MPL and patients and discuss

how the inherent flexibility of the MPLs control architecture is able to support varying

HMI paradigms.

INTRODUCTION

The Revolutionizing Prosthetics 2009 program was
created by the Defense Advanced Research Projects
Agency (DARPA) with the goal of providing soldiers
with upper-arm amputations with the ability to resume
normal activities of daily living. Through this pro-
gram, APL has developed a 17-degree-of-freedom limb
known as the Modular Prosthetic Limb (MPL).12 The
design requirements for the MPL are to achieve per-
formance as close as possible to that of a natural limb
in a variety of metrics: dexterity, strength, form factor,
weight, tactile feedback, and others. The design also
needed to support a range of patients, from those who
have lost only their hand to those with full shoulder-
disarticulation injuries. The control systems developed
for the MPL have been designed to allow flexibility in
controlling the limb for patients, the engineers develop-
ing the limb, and researchers who may be using the limb

for other purposes. This article provides an overview of
the control architecture implemented and the ways that
it interfaces with users of the system.

CONTROL SYSTEM HIGH-LEVEL ARCHITECTURE
AND INTERFACES

The controls problem for the Revolutionizing Pros-
thetics program is akin to designing a very sophisticated
human supervisory control system. Common systems
with which one may be familiar include a person driv-
ing a car, flying an airplane, operating a backhoe, or
playing a video game. The main components in such
control systems include the machine being controlled,
the environment that the machine interacts with, the
human-machine interface (HMI), and, of course, the
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human doing the control-

Visual feedback

ling. The information flow Operator Machine Physical
_ controls control interface
between ]tjhe(sie c'grr;po v signals
nents can be descri .e as Human P "~ HMI | ~ Machine < > Environment
command/control signals Operator Machine
flowing from the human feedback feedback
signals

to the machine, feedback
information flowing from
the machine and environ-
ment back to the human,
and physical interactions
between the machine and
the environment, as shown
in Fig. 1. The control
objective is to allow the
human controller to force
the machine to do what is
desired subject to the constraints of the machine, inter-
faces, and environment. Whether one controls a car,
a video game, a backhoe, or, in our case, an advanced
prosthetic limb, the above construct applies. The main
differences have to do with the machine and the inter-
face. In particular, the HMI determines the number and
nature of the control “knobs” used to command the
machine. Similarly, the HMI determines the nature of
some of the sensory feedback information. In the case of
a car, the driver has access to three control knobs: the
steering wheel, the gas pedal, and the brake. Feedback
information is provided by gauges on the dashboard as
well as other sources; for example, the steering wheel
provides feedback in the form of a restoring torque the
driver feels at the wheel when making a sharp turn. The
driver also experiences visual feedback from the view
of the road and car; this feedback is independent of
the HML.

A backhoe operator typically manipulates six control
knobs in the form of four levers to control four joints on
the backhoe and two pedals to control the swing direc-
tion of the cab/shovel. The feedback is from hydraulic
pressure felt through the levers, and visual feedback
based on what the operator sees.

Figure 1. Depiction of information flow within a generic HMI.

and associated control algorithms. In the feedforward
path, the HMI is a collection of sensors and signal pro-
cessing algorithms that measure and interpret physical
patient control signals (muscle contractions, brain waves,
peripheral nerve implant signals) from the human and
transform them into electrical machine control signals.
The machine takes electrical input signals and trans-
forms them into some kind of action (torque, motion)
and drives the motors of the MPL to realize the intent
of the patient. In the feedback path, the machine sen-
sors encode information (strain, current, position) into
electrical machine feedback signals that are sent back to
the HMI. The HMI then decodes/interprets the electri-
cal machine feedback signals and transforms them into
a physical patient feedback signal (force, vibration, tem-
perature, direct nerve stimulation) that is detectable by
the human.

The MPL was designed to work with a wide variety of
HMIs including electromyographic sensors on existing
muscle sites® where, for example, reading muscle activ-
ity in the forearm of a wrist amputee provides control
information regarding how the fingers should be com-
manded. Another HMI example is a peripheral nerve
interface where an implant into the remaining periph-

Visual feedback

Patient Machine 1 Physical
MPL CONTROI-S v control control interface
signals signals
PARADIGM Human 5 HMI T, Machine Environment
:P ot (signal analysis) <fach (controls) 2 g
. atien achine
' In the case of control AR st
ling the MPL, the general signals signals
human-in-the-loop  con-

trol system can be redrawn
as shown in Fig. 2.

In Fig. 2, the machine
is the actual MPL, which
consists of the limb’s physi-
cal structure, motors, sen-
sors, embedded processors,

Figure 2. Depiction of the information flow between patients and the MPL.
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eral nerve of a shoulder amputee is used to ascertain how
upper-arm joints should be commanded. Finally, corti-
cal implants and electroencephalography brain caps
provide additional means of deciphering human intent
and constructing associated commands to the machine
(i.e., the MPL). In all of the above examples, the number
of control knobs is a function of the number of patient
signals available for decoding and the number of distinct
machine command signals that can be constructed.

Depending on the HMI, there can be a number of
mechanisms that provide feedback to the patient. There
will almost always be a visual feedback mechanism inde-
pendent of the HMI. The fact that the MPL is physi-
cally attached to the patient by means of a socket implies
there is always a natural feedback path of forces and
moments that the patient feels at that interface. There
is also an artificially constructed feedback mechanism
where, for instance, temperature and forces at the finger-
tips are fed back to the patient in form of direct cortical
or peripheral nerve stimulation. In the absence of such
an interface, a tactile actuator device called a “tactor”
can be used to provide indirect feedback. Here, forces
and temperatures measured by sensors at various places
on the MPL hand are transmitted onto the surface of the
skin somewhere on the body (e.g., the chest). The tactor
contains tiny motors that press on the chest in propor-
tion to forces measured at the fingertips. Similarly, the
tactor may contain a Peltier device that can produce hot
and cold sensations on the chest in proportion to what
is measured at the MPL fingertips.

MPL CONTROL SYSTEM MODALITIES

The MPL control system modalities have been
designed to maximize the flexibility of the interface and
the control modalities available to the patient. Given
the wide variety of patients that might use the MPL, it
was recognized that patients might have different con-
trol modality preferences. Consequently, the control
modalities designed for the MPL consist of:

Reduced Order Control (ROC)

Cartesian Space Control

Joint Space Control

Muscle Space Control

The prosthetist works with the patient to determine
what signals the patient has available to be decoded and
what control modality feels most intuitive to the patient.
Additional control requirements focus on smooth, natu-
ral motion and the ability of the arm to mimic the joint
impedance (stiffness, inertia, and damping) of a natu-
ral arm.* The importance of joint impedance modula-
tion was driven by the fact that interactions between
the MPL and other people or objects should not cause
damage to either. Each of the above modalities share a

CONTROL SYSTEM ARCHITECTURE FOR THE MODULAR PROSTHETIC LIMB

common set of underlying low-level control algorithms
that can be controlled in position, velocity, and torque
mode. Furthermore, while in each of these modes, the
impedance can be chosen to be modulated or not. Ulti-
mately, these control modalities describe the machine
control signals issued from the HMI hardware and
received by the MPL.

ROC Example

When the number of available patient control sig-
nals is less than the number of degrees of freedom, the
HMI must interpret a reduced number of patient control
signals and map them to a full set of machine control
signals to drive individual motors. For controlling the
hand, which has 27 individual joints, this ROC mode
is most advantageous because most patients have less
than 27 available control knobs. Preprogrammed alge-
braic mappings between a single machine control signal
and the joints in the hand can be stored in a database
and given a grasp name. In the example of a cylindri-
cal grasp shown in Fig. 3, one machine control signal
(denoted by the notional slider in the figure) represents
a normalized command of how open or closed the fin-
gers should be while being constrained in a manner to
grasp a cylindrically shaped object. So, at a minimum,
only two machine control signals are needed to control
a highly articulated hand, one for the type of grasp and
one to specify the amount of contraction.

Cartesian Space Control Example

Research has shown that signals in the motor cortex
portion of the brain can be correlated with the Carte-
sian space position or velocity of a point on the human

Cylindrical
grasp

Figure 3. Example of one type of single ROC knob-coordinated
grasp shaping.
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Cartesian base
reference frame

Final endpoint

Figure 4. Coordinate frames used by the endpoint control
algorithm.

limb. For this mode of operation, command signals cor-
respond to a desired Cartesian space position or the
velocity of a reference point on the palm of the hand as
shown in Fig. 4. Patients with motor cortex implants are
more likely to use this mode and are able to control both
the linear translation of the endpoint and its orienta-
tion relative to the patient. The control algorithms in
the machine take the desired endpoint commands and
determine how to drive each joint’s motor by computing
the inverse kinematics of the MPL.?

Joint Space Control Example

This control mode allows command signals to
directly move individual joints, and in this mode, the
units of the command signal can be a desired joint posi-
tion, velocity, or torque. For the upper arm joints in the
MPL, there is a single motor/degree of motion (DOM)
for each joint. In the fingers of the hand, however, there
are mechanical linkages that connect multiple joints to
a single motor. Consequently, a single joint/DOM would
be commanded and the remaining connected joints
would be determined by the dynamics of the system.

Muscle Space Control Example

The patient may have sensors that provide peripheral
nerve signals to the MPL. These contraction signals rep-
resent force commands because they are sent to antago-
nistic muscle pairs around a joint. The control algorithm
takes these machine command signals and turns them
into motor torque commands where the level of cocon-
traction is used to modulate joint stiffness. One of the
benefits of this mode is that it takes advantage of the
natural command architecture of the human peripheral
nerve system and thereby provides a more intuitive HMI.

MACHINE CONTROL SYSTEM ARCHITECTURE AND
ALGORITHMS

Whereas the previous section described the manner
in which the MPL can be commanded, this section
describes how the control modalities are achieved
using the underlying control system architecture and
algorithms. Fundamentally, the control system of the
machine must take commands from the patient via
the HMI and control motors. The architecture is hier-
archical, and the algorithms are spread across multiple
processors. Figure 5 shows, for the upper arm, how the

LC v LMC
bus —
vV 1y
bus
Brushless
v
= - = U ; hl¢ Yy || DC motor
DOM rushless U
endpoint, control ; U
ROC YWY v commutation ¢ | Power Stage i
A A g
Speed 2
iti pee < Hall effect a
Motor position position  |< fal oftec g 5
Motor velocity estmlator g 8
g
£
» 5
Link position @‘—

Figure 5. Machine control architecture and data flow. IJL, Individual Joint/Link; LC, Limb Controller; LMC, Large Motor Controller. U, U,

Uo and Ugc denote pulse-width modulation commands.

220

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 30, NUMBER 3 (2011)



various control loops are nested and which sensors are
used for each loop.

Commutation and Current/Voltage Control Loop

The innermost control loop resides on the LMC pro-
cessor and handles the high-rate electrical dynamics,
brushless DC (BLDC) motor commutation (i.e., mag-
netic field switching), and current/voltage control. The
motor position sensors used are for commutation and
have the option of also being used in the higher-level
motor control loop.

Motor Control Loop

The next highest loop, moving from the inside out,
controls the mechanical dynamics of the motor. The
topology of this motor controller takes the form of a
proportional integral derivative control algorithm that
regulates both the position and the velocity of the motor
so that the desired trajectories are followed.

Individual Joint/Link Control Loop

Borrowing some terminology from the robotics com-
munity, links represent the solid segments of a serial
manipulator while a joint represents the axis of rota-
tion between two links. For example, in the MPL case,
the humerus and the forearm are the two links adjacent
to the elbow joint. Consequently, this control loop is
called the Individual Joint/Link (IJL) controller because
its main purpose is to control the individual position
and velocity of the angle between links and the torque
about a joint. The structure of this controller takes the
form of an impedance control algorithm, which, when
wrapped around the motor control loop, can be config-
ured to modulate the joint stiffness, damping, and link
inertia (i.e., impedance) while simultaneously control-
ling link motion. Alternatively, the link position and
velocity can be controlled directly without modulating
the impedance.

Impedance Control

The importance of modulating joint impedance®8

flows from the requirement for the MPL to be as natural
as possible. The standard industrial robot motion con-
trol problem typically places the highest importance on
precise trajectory tracking and consequently creates an
extremely stiff system. In the case of the MPL, a bal-
ance between tracking and stiffness must be achieved
because of the interactions that occur between the limb,
the patient, other people, and, in general, the outside
environment. An extremely stiff system can poten-
tially cause damage to both the patient and the MPL
if a sudden impact with the environment occurs. The
impedance portion of the IJL loop takes feedback from

CONTROL SYSTEM ARCHITECTURE FOR THE MODULAR PROSTHETIC LIMB

a joint torque sensor and the link position sensor and
alters the closed-loop dynamics of the system so that
it more closely resembles that of a human limb. Under
impedance control, when an external torque/force is
applied to the MPL, the metal gears and motors are
made to react with compliance similar to that of mus-
cles and tendons. In addition, the MPL links have large
moments of inertia about each joint axis because of the
high gear ratios resulting from the mechanical design
process. Impedance control dynamically alters the iner-
tia to be closer to that of flesh and bone. Finally, the
damping in an MPL joint can be similatly specified such
that one is not stuck with the nominal damping inher-
ent in the mechanical design.

High-Level Controls

The algorithms mentioned so far reside on the LMC.
The outermost control loop, however, resides on the
Limb Controller (LC), where information from all other
joints is available. In particular, the Endpoint Control
(Cartesian) algorithm must coordinate the motion of
multiple joints/links in order to obtain the desired Car-
tesian space motion. Similarly, the ROC algorithms exist
on the LC and specify commands to the IJL controllers
that exist on the motor controllers.

RAPID CONTROL ALGORITHM DEVELOPMENT

After realizing the control modalities and architec-
ture, the control implementation was designed such
that control algorithms could be rapidly developed and
embedded in the main microprocessor of the MPL.
Referring to Fig. 5, the IJL control algorithm and the
motor control algorithms are designed in Simulink and
then turned into C code by the MathWorks Real Time
Workshop toolbox. Once this code has been produced,
it is downloaded to the LC and then integrated with the
embedded code specially written by APL software engi-
neers to control the timing, communications, and other
low-level processes.

The result is an extremely flexible design that, from a
controls perspective, allows:

e DPatients with varying numbers and types of patient
control signals to command the MPL

e DPatient and prosthetists to work together to pick the
control modality configurations that are best suited
for the patient’s needs

e The platform to be used as a test bed for algorithm
evaluation

e Future lower-level control algorithm design changes
and upgrades with shortened cycle time from algo-
rithm design to implementation
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SUMMARY

The goal of this article has been to describe the
controls architecture used in the MPL. Additionally, it
describes the common modalities for interfacing with
patients and other users of the MPL. The program is
currently in a third phase where the MPL is being tested
with primates, and there is ongoing work to support the
continued testing and development of the limb system.
Future work will include expanding upon and further
developing the algorithms.
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