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Abstract--This paper reports the design, construction, and test- 
ing of a replica of the human arm, which aims to be dynamically 
as well as kinematically accurate. The arm model is actuated 
with McKibben pneumatic artificial muscles, and controlled by a 
special purpose digital signal processing system designed to sim- 
ulate spinal neural networks in real time. An artificial muscle 
spindle has also been designed and tested. Design and test data 
a r e  reviewed, and the paper describes how we hope to use the 
system to improve our understanding of the reflexive control of 
human movement and posture. 
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INTRODUCTION 

The goal of this paper is to report our experiences in 
attempting to build a physiologically accurate replica of 
the human arm. The "Anthroform Arm"  is designed for 
comparing, integrating, and testing diverse pieces of  
knowledge about motor control and spinal cord function. 

Vertebrate movement control has been studied scien- 
tifically since at least the time of Sherrington at the end of 
the 19th Century. During this time a huge literature has 
built up as the result of numerous reductionist experi- 
ments, each one elegantly designed to isolate a single 
phenomenon for study. For example, a recent search of 
the national library of medicine index (Medline) gave 447 
citations for the search terms, "motoneuron AND reflex" 
from 1980 to 1994. The abstracts reveal a wide variety of 
systems, experimental paradigms, and disciplines. Unfor- 
tunately, while useful in their own right, these studies are 
impossible to synthesize into a theoretical picture of hu- 
man reflex motor control. What is lacking is a mechanism 
or platform with which to integrate this information. 
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This situation is now widely recognized in neuro- 
science and physiology, and several leading researchers 
have turned to neural network models of parallel nonlinear 
computation to make sense of their data (4,6,7,12,13). 

After a century of scientific attack on these extremely 
difficult problems and a voluminous literature of special- 
ized experiments, we sometimes forget that much has 
been learned about human motor control that is beyond 
dispute and, by now, easy to measure. These known facts 
include properties of the primary cell types found in the 
spinal cord (5). For example, properties such as cell size 
statistics are well studied for alpha and gamma motoneu- 
rons, Ia inhibitory interneurons, and Renshaw cells. Their 
salient interconnections are well understood, at least in 
terms of their qualitative roles in the stretch reflex. 

Another strongly established fact about these systems is 
the time delays which can be readily measured for nerve 
conduction and synapses. Finally, the study of biome- 
chanics gives us many well known constraints on move- 
ment control such as variations in muscle moment arms 
with joint position, and dynamic and kinematic parameters 
for muscles, tendons, ligaments, and bones; so plant dy- 
namics (e.g., the energy storage and exchange in the mus- 
cles and limb) cannot be ignored. Despite some contro- 
versy as to which type of model best represents muscle 
contraction (47,49), models such as those of  Hill (22) and 
Huxley (23) have stood the test of time. 

The problem then becomes the extremely complex one 
of synthesizing the huge pool of biomedical and neuro- 
physiological information into a comprehensive model. 
Modelers rarely do this without ignoring or violating some 
of the known facts discussed above. For example, the 
"Equilibrium Point Hypothesis" (8,41) cannot make a 
prediction about the synaptic weight between a Ia inhibi- 
tory interneuron and an alpha motoneuron, even though 
this synapse is vitally involved in the control of the move- 
ments studied by the theory because that weight is not 
explicitly represented. 

Other movement control models are focused very 
broadly on the whole central nervous system (CNS) and 
on the issue of learning of movements (3,26,33,35). Be- 
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cause of their broad scope, it is even more difficult for 
these models to be tested against the uncontroversial facts 
or to predict the results of new reductionist experiments. 

The Anthroform Arm project is taking a different strat- 
egy towards the synthesis of this vast pool of information. 
Three principles guide this project: (i) Develop a physio- 
logically and computationally accurate physical replica of 
the human upper limb and relevant spinal cord segments. 
Although it is impossible to achieve complete accuracy, 
we attempt to base every specification of the system's 
function and performance on uncontroversial physiologi- 
cal data. Physical modeling, as opposed to computer sim- 
ulation, is used to enforce self-consistency among coordi- 
nate systems, units, and kinematic constraints; (ii) Base 
the design on replication of the biological system when- 
ever possible. Use engineering methods to bridge gaps in 
biological knowledge or resolve conflicts between com- 
peting theories; (iii) Use the resulting system to test mod- 
els and theories by implementing them in hardware and 
software and by comparison with reductionist and system 
level experiments on humans and animals reported in the 
literature. 

Such an arm model cannot be a perfect simulation of 
the biological system. Certainly, a perfect simulation or 
replica cannot even be specified without complete knowl- 
edge of the system. However, even an imperfect replica 
demonstrates the self-consistency of the ideas that com- 
pose it. A putative theory of motor control that has been 
programmed into the replica will either replicate the be- 
havior of the actual system or it will not. If it does, it is 
thereby shown to be consistent with all of the ideas that 
went into the replica's design. 

Designs that are newer and better than any existing 
replica will be developed. Like an improved telescope, 
these improved replicas will be able to look farther, in that 
they will integrate and synthesize more information about 
the actual system. 

This paper will report on the design, fabrication, and 
testing of such a system, which has been recently com- 
pleted at the University of Washington. The system con- 
sists of the arm replica, real-time control system comput- 
ing hardware, and a software environment for interactive 
editing and study of real-time simulations of spinal neural 
circuits. 

DESCRIPTION 

The arm itself was built by Prof. Jack Winters and his 
students at Catholic University. The bones are molded of 
fiberglass composite material using silicone rubber molds 
made from cadaver bones. The amount of chopped glass 
fiber is adjusted to 15% by weight to achieve a Young's 
modulus of 5 Gpa. This value is about a factor of 2 below 

that of in vivo compact bone. However, since bone is 
partly hollow, and since additional long glass fibers were 
placed along the surface in the axial direction, the overall 
structural properties are very close to those of the long 
bones of the arm. The bones included are the scapula, 
humerus, radius, and ulna. The distal ends of the radius 
and ulna are embedded in a plastic, fixed hand model with 
silicon rubber. 

The elbow and shoulder joints are surgical total re- 
placement joints donated by Howmedica Inc. Their con- 
vex surface is polished stainless steel and the mating con- 
cave surfaces are ultra-high molecular weight polyethyl- 
ene (UHMPE). The replacement joints are embedded in 
the bones with bone cement. 

The ligaments are made from selected man-made knit 
fabrics tested to have similar nonlinear length-extension 
behavior to the exponential length-tension relationships 
found in vivo. There are eight ligaments supporting the 
shoulder, and seven supporting the elbow joint. The lig- 
aments were attached with hot-melt glue while the arm 
was in the neutral position. The ligaments were attached in 
a slightly buckled state so that the shoulder shows the 
normally observed 4 mm of free motion when muscles are 
removed. 

Fifteen McKibben pneumatic actuators (see below) are 
used to simulate muscles in the ann. Three actuators are 
combined to form the deltoid, and special compound ac- 
tuators were developed for the biceps and triceps. Table 1 
lists the actuators, their corresponding muscles, and some 
of their mechanical properties. A videotape of the ann 
moving under open-loop air pressure control has been 
published (19). 

Actuation 

McKibben pneumatic actuators are used for muscle 
emulation in the arm. These actuators consist of a helical 
braid of rigid fibers surrounding an elastic tubular bladder. 
When the tube is inflated, the braid diameter is increased 
and the length decreased. The mechanical properties of 
these actuators have been described (14,24,40). Originally 
conceived for prosthetic applications, these actuators are 
now receiving renewed attention for robotic emulation of 
biological systems (9,18). 

The basic equation for the McKibben actuator is a ki- 
nematic relation between pressure, length (measured by 
braid angle, 0) and force, derived by Schulte (40). 

o 

F -  4 ( 3 c o s 2 0 -  1) 

where D O is the diameter when 0 = 90 ~ 
When the wall thickness of the inner bladder tubing is 
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TABLE 1, Actuators across shoulder and elbow joints. 

401 

1Max. 2Desired 3Desired 
Length # of Tension Tension Tension Proposed 

(cm) Actuators (N) (N) (N) Redesign 

Function 

Flex. Ext. Add. Abd. M.R. L.R. Stab. 

Shoulder muscles 
Deltoid 

(ant.) 1 70 158 / 200 X 
(mid.) 15 1 70 474 / 910 500* 
(post.) 19 1 70 135 200 

Pectoralis major 2 112 472 480 500 X 
Subscapularis 13 1 70 339 470 400 
Supraspinatus 10.5 1 70 158 180 200 
Infraspinatus 13 1 56 203 330 200 
Teres minor 14 1 56 90 100 70 Teres major 11.5 1 56 203 350 
Latissimus dorsi 1 70 200 300 500 
Coracobrachialis 16 1 56 45 88 70 X 

Arm muscles 
Biceps brachii 32 2 • 2 112 113 220 112 X/X 
Brachialis 17.5 2 56 316 200* X 
Brachioradialis 26 1 56 45 70 X 
Triceps brachii 30 2 • 2 112 407 112-400 

X 
X X 

X X X 
X X 

X 
X 

X 
X X X 
X X X 

X 

X 
X 

X X 
X X 

1Max. actuator tension is estimated based on experimental data of Chou and Hannaford (10,11) and actual geometry and material 
of the actuators. 
2Desired tension is estimated based on anatomical data of (48) and 35 N/cm 2 of human muscle strength. 
3Desired tension is estimated based on anatomical data of (45) and 35 N/cm 2 of human muscle strength. 
*Remotized actuators, see text. 

taken into account (10), a more accurate expression is 
obtained: 

F -  4 ( 3 c o s 2 0 -  1) 

+~rP[Dotk(2sinO-s.-~nO) -tk21 
The actuators used in the Anthroform Arm were custom 

made by Prof. Winters and his students. Inner bladder, 
braid, and end caps incorporating a gas tubing connector 
are assembled with band clamps (Fig. 1). The essential 
components of braided pneumatic "artificial muscle" ac- 
tuators are: (i) a hollow, helically woven braided cylindri- 
cal sleeve; (ii) a gas tight inner compliant tube which fits 
inside the sleeve; and (iii) end closures for mechanical 
attachment and internal pressurization. When pressurized, 
the inner tube and consequently the outer braid expand, 
with the braid holding most of the axial load. If  the ex- 
ternal load on the actuator is less than the generated force, 
the actuator shortens and widens as the braid angle of the 
helix relative to the long axis increases. 

Various versions of these actuators have been fabri- 
cated since 1987 (29). Silastic tubing (Manostat Corp.) is 
used for the gas-tight internal cylindrical tube. To maxi- 
mize the amount of radial expansion and minimize the 
tendency for (counter-productive) axial expansion, it is 
best to use the smallest available wall thickness, t k, for a 
given tube diameter. Axial expansion causes a strange 
instability in which a local region of the actuator shortens 

I 

C__ 

4. 

and expands while stretching and narrowing the rest of the 
actuator. This corresponds interestingly with the potential 
for axial instability in skinned muscle fibers. 

In the model actuators, wall thicknesses were 0.8 mm 
(V32 in) for the 6.35 mm (1/4 in) outer diameter (OD) 
tubing, and 1.6 mm (V16 in) for the 12.7 mm (1/2 in) OD 
tubing. Actuators on the initial Anthroform Arm all used 
6.35 mm OD, 0.8 mm wall tubing. For the braided sleeve, 
we have used fiberglass, polyester, and nylon meshes (e.g., Alpha Wire Co.). The original Anthroform Arm 

nylon shell 

I plastic tubing 
D ~ plug, fitting, and adaptor 

~..~ nylon string 

C ] ~ ' t ~  I l l ~  ~ resting 

~ T - ]  ~ [~IIIK...-------- stretched 

~ : ~ ~ ~ . . ~  pressurized 

FIGURE 1. Schematic diagram of construction of McKibben 
artificial muscles used in the Anthroform Arm replica. Actua- 
tor consists of inflatable tubing surrounded by braided nylon 
shell. McKibben actuator can generate three times the force of 
pneumatic piston of equivalent diameter and 2-4 times that of 
muscle (see text). The "braid angle," 9, is the angle between 
crossed lines in the nylon shell. 
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included both fiberglass and nylon sleeve actuators, with 
the latter used where mechanical rubbing was expected 
(e.g., when curving over a fiberglass bone). Several of the 
fiberglass actuators have had eventual problems with fray- 
ing (fiberglass is a weaker material in shear), and recent 
extensive testing (11,43,44) suggested that the fiberglass 
sleeve also had significantly higher coulomb friction. 
Thus, we no longer use the fiberglass braid. 

Available nylon braid diameters, when expanded, can 
range from 0.5 to 5 cm. We currently employ three sizes, 
which can be designated as: (i) " smal l "  (70 N actuator, 
with 0.3 to 0.7 cm braid diameter range and smaller in- 
ternal tube), (ii) "med ium"  (200 N actuator, with braid 
diameter range of 1.0 to 2.2 cm and smaller internal tube; 
and (iii) " large"  (500 N actuator, with braid diameter 
range of 2.0 to 4.4 cm and larger internal tube). 

Assembly of these actuators is simple and can be ac- 
complished in under 20 minutes without unusual effort. At 
the recent Rehabilitation Robotics Meeting (ICORR, Wil- 
mington, DE, June 1994), 15 researchers fabricated and 
took home sample actuators at a special exhibit set up by 
Prof. Winters' laboratory. 

The original artificial muscles placed on the Anthro- 
form Arm were all fabricated in the "smal l"  size, in large 
part for practical reasons related to available physical 
space along the ann. As seen in Table 1, in general the 
forces that the various actuators could generate were be- 
low that for the corresponding skeletal muscle. However, 
this is not due to insufficient actuator force per cross- 
sectional area; indeed, for a typical "building air" input 
pressure of about 75 psi (5 Bar, 500 KPa), the force per 
maximum cross-sectional area is about 0.5-1.5 MPa (50- 
150 Ncm-2), which compares favorably with the typical 
peak skeletal muscle "s t ress"  of about 0.35 MPa (35 
Ncm-2). Rather, the problem is that, unlike skeletal mus- 
cle, these actuators do not glide frictionlessly when in 
contact with other actuators or skeletal structure. Due to 
the attachment scheme in which origin and insertion sites 
are defined by eyelets that are firmly mounted to the bone, 
it is relatively easy to exchange actuators. 

The total range of excursion (Lmax - L m i n )  is relatively 
independent of the "rest  length," L o, with the degree of 
relative shortening (L 0 - Lmi .) versus passive lengthen- 
ing ( Z m a  x - -  Lo) varied via the amount of "buckling" of 
the outer sleeve when it is first coupled to the internal 
bladder. By default we set active shortening range and 
passive lengthening ranges to be equal (e.g., +- 12%), sim- 
ilar to the mid-range "resting length" of the skeletal mus- 
cle. The total excursion increases slightly with increasing 
cross-section (up to ---16%). This total excursion is about 
30% of that for skeletal muscle, and in practise, this has 
resulted in both the elbow and shoulder joints not possess- 
ing a full range of motion. 

To enhance excursion within an available space, the 

biceps and triceps muscles were designed as multiple ac- 
tuator units to take advantage of series and parallel ar- 
rangements of four muscle elements. For these muscles, 
four actuator elements were coupled via a central alumi- 
num beam with orthogonally directed aluminum end- 
plates at either side into a compact form which mechani- 
cally consisted of a series arrangement of two sets of two 
parallel actuators. Visually, this arrangement appeared as 
four actuators placed in parallel (43,44). Theoretically, 
this new four-actuator design would be expected to in- 
crease both the force and the excursion range by a factor 
of two, versus single elements. In practice, since the over- 
lap is not over the whole origin to insertion length, the 
actual overall enhancement of excursion is about 60%, 
and the force nearly doubles. Each end-plate had one hole 
to either side of the central beam through which the two 
muscle elements could pass, plus "plumbing" for internal 
air connection. The dynamic response of these novel ac- 
tuators is slightly slower than single muscle elements due 
to four-element air "plumbing,"  but is still in general 
faster in response than skeletal muscle (43). An added 
benefit of the four-element actuators is that axial force 
could be measured by a pair of strain gauge transducers 
mounted on opposite sides in a narrowed region in the 
middle of the central beam. 

As discussed above, the original Anthroform Arm de- 
sign could generate only a fraction of the natural human 
arm strength despite the high force per unit of cross sec- 
tional area of the McKibben actuators. A new actuation 
design has been developed to increase the arm's strength. 

Table 1 includes the muscle force specifications for the 
redesigned actuator plan, which we plan to implement on 
the arm replica. The new plan includes medium-sized ac- 
tuators for the anterior and posterior deltoid, a large actu- 
ator for the middle deltoid, two medium-sized actuators 
for the subscapularis, and large actuators for the pectoralis 
major and latissimus dorsi. 

The deltoid in particular has proved challenging since it 
possesses a very high physiological cross-sectional area 
and traverses a curved path (45). For the three heads of the 
deltoid, we will utilize a new actuator design, which has 
recently been implemented for a prototype shoulder pos- 
tural assist orthosis that addresses this problem. One side 
of the actuator will be coupled directly to a Bowden cable, 
with the other side of the Bowden cable attached to the 
appropriate insertion site, sliding through the Bowden 
sheath mounted at the origin site. The relevant artificial 
muscles are then housed remotely, along the back near the 
shoulder girdle. Thus, for the deltoids, the origin sites are 
on the scapula, the common insertion sites on the hu- 
merus, and the Bowden cable wire crosses the glenohu- 
meral joint. Such remote transmission also allows longer 
actuators than could physically fit within the physical 
space on the arm, and thus significantly increases shoulder 
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abduction. A similar strategy may be used for the brachi- 
alis, which lies under the biceps, and the subscapularis, 
which is another large, short muscle which we have had 
difficulty housing. 

Actuator Measurements  

The University of Washington Biorobotics Laboratory 
has recently completed dynamic testing of the actuators 
(11). With a specially constructed dynamic testing ma- 
chine, we were able to measure the static and dynamic 
characteristics of several versions of these actuators in- 
cluding a nylon shell actuator and glass fiber shell actuator 
fabricated by Prof. Winters group and a commercial ac- 
tuator made by the Bridgestone Rubber Co., Tokyo, Ja- 
pan. 

A quasistatic, length-tension characteristic was mea- 
sured by varying the applied tension for five values of 
constant pressure with three types of actuators and the 
nylon shell actuator results are reproduced here (Fig. 2). 
The general behavior is spring-like for pressures above 1 
bar with significant hysteresis as the length is cycled back 
and forth. Stiffnesses at 5 bar ranged from about 7000 
N/m for the Bridgestone actuator to about 1000 N/m for 
the glass fiber shell actuator. Hysteresis of between 1 and 
4 Newtons is evident. 

Two different quasistatic tension cycles were imposed, 
a short cycle (0-25 N, solid lines) and a long cycle (0-50 
N, dashed lines). The hysteresis depth is different for the 
two cycles indicating a history dependence to the hyster- 
esis. 

In a separate experiment, sinusoidal tension waveforms 
were imposed under conditions of constant pressure (im- 
posed by an accumulator at the actuator air port). This 
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FIGURE 2. Length tension characteristics of nylon mesh Mc- 
Kibben actuator (11). Tension was varied at five levels of con- 
stant air pressure (horizontal solid lines). Tension was varied 
between 0 and 50-60 Newtons (dashed lines) and from 0 to 25 
Newtons (solid lines). 

experiment measured spring-like behavior up to as high as 
40 Hz without measurable damping. 

The power/mass ratio is about 5 W/g for these actua- 
tors, which is impressive compared with 0.05 W/g for 
biological muscle, 0.2 W/g for typical pneumatic cylin- 
ders, and about 0.1 W/g for typical DC motors (18). Note 
that none of these values include a remote power supply. 
Considering power supply would reduce biological mus- 
cle's disadvantage since short-term (anaerobic) energy is 
housed within the muscle tissue. 

Finally, a thermodynamic analysis has shown (10) that 
the nominal energy efficiency of 0.2-0.3 can be increased 
to as high as 0.49 when the actuator is driven from an air 
reservoir at a pressure equal to the threshold pressure of 
the actuator. For comparison, the efficiency of human 
muscle was measured between 0.2 and 0.25 (21). 

Computation 

In order to study spinal circuitry, the Anthroform Arm 
system must have a computation system capable of sim- 
ulating highly interconnected networks of simulated neu- 
rons. We have designed a special purpose computer sys- 
tem to support these simulations in real time, and to in- 
terconnect it with the sensors and actuators in the arm via 
input/output devices (Fig. 3) (30,31). 

The key requirement for the computing architecture is 
to be able to support many, possibly hundreds, of simu- 
lated neurons, capable of intercommunicating their output 
values as fast as is done in the real spinal cord. Since 

k P r o c e s s o r  C a r d  
. . . . . . .  F . . . . . . . . . . . . . . .  

i ~ - -  DSP 
~ (TMS320C30)  

D u a l - P o r t e d  D a t a  
T r a n s f e r  M e m o r y  

H o s t  l / O  

FIGURE 3. Computing architecture designed for simulation of 
spinal neural circuits in the Anthroform Arm. The digital signal 
processor chip (DSP) allows the user to develop neuron inter- 
preters in the C programming language. The processor also 
supports three independent busses allowing easy interfacing 
to local memory, the NBbus, and I/O devices. Up to 1024 sim- 
ulated neurons can be fully interconnected every millisecond. 
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synapses occur in approximately 1 ms, 1 ms was chosen as 
the minimum interconnection update rate for the system. 
The Neural Broadcast Bus (NBbus) was developed to sup- 
port up to 1024 simulated neurons distributed onto as 
many as 256 processor cards. Each neuron has a 32 bit 
output value (typically a floating point number). Through 
a slotted broadcast architecture in which the address of 
each neuron is generated sequentially by a bus master 
microprocessor, each interconnection is updated every 
millisecond. In a fully populated and interconnected sys- 
tem with 1024 neurons, this represents over a billion con- 
nections per second. Our neuron interpreter can be up- 
dated at this speed if up to 10 neurons are loaded per CPU 
card (see below). Thus, 1024 neurons would require about 
100 processor cards. In the spinal cord, realistic delays 
between spinal cord neurons are often more than one mil- 
lisecond. These additional delays are supported by mem- 
ory buffers under control of the neural modeling software 
(see below). 

We have built a CPU card for the NBbus using the 
TMS320C30 floating point digital signal processing chip 
from Texas Instruments. This chip supports high speed 
(33 Mhz) 32 bit floating point arithmetic. The board also 
contains high speed static RAM (256K 32-bit words), 
which allows the processor to run at full speed. Up to 64K 
32-bit words of EPROM is provided for storage of the 
neuron interpreter software (see below). Other CPU cards 
could be designed using different processors. The NBbus 
is processor independent, and different architectures could 
coexist in the same NBbus rack. 

In the spinal cord, all input/output is mediated by spe- 
cific ceils such as the motoneurons and dorsal root gan- 
glion ceils. This dictated our decision to have no I/O in- 
formation directly on the NBbus. Rather, I/O goes directly 
to the CPU cards via "daughter cards" mounted directly 
to the boards. We have designed and built customized 
daughter cards for specific functions including a muscle 
spindle driver which controls up to four artificial muscle 
spindles (see below). We have also built a general purpose 
daughter card with 4, 12-bit analog inputs, 2, 12 bit ana- 
log outputs, a 16-bit digital input port and 8-bit digital 
output port. 

We have developed an X-windows-based software tool 
with which to define and modify neural network architec- 
tures in the NBbus DSP system. First, programs are writ- 
ten in C language to run on the DSP board, which simulate 
an instance of a given type of neuron, for example an 
alpha motoneuron. These "neuron interpreters" may be 
downloaded or may reside in the board's EEPROM. The 
resident programs must define a set of neural functions 
and data structures that support their connections and any 
parameters of the computation that are variable. For ex- 
ample, suppose that a model such as that shown in Fig. 4a 
is used to represent an alpha motoneuron. This model has 

(a) 

Dec 1 
Dec2 

Ialnh ! . ( s - ~ /  "AlphaS" 

Neuron alphal alpha 
a0.5 
b0.7 
Synapse from Dec 1 

weight 0.1 
delay 20 

endsynapse 
Synapse from Dec2 

weight 0.5 
delay 5 

endsynapse 
Synapse from Ialnh 

weight 0.2 
delay 1 

endsynapse 
endneuron 

(b) 

FIGURE 4. The software system can support a wide variety of 
neuron models. One example (a) could be a model of an 
motoneuron. This typical model has multiple inputs with vari- 
able delays, and second order response dynamics. Text file (b) 
creates an instance of the "alpha" model called "alpha1" and 
specifies its connection, their weights, and the delay values 
(ms). Also specified are the two poles. After the network is 
specified, interactive user interface allows parameters to be 
modified. 

a number of input connections, each having a different 
connection weight and delay value. The internal dynamics 
of this neuron are modeled by a second order linear trans- 
fer function having two poles, a and b. The output is 
generated by a sigmoid function which will be fixed in this 
example. The user can then add an instance of this neuron 
model to a network using a text description, reproduced in 
Fig. 4b. This description creates an instance of the "al- 
pha" neuron model (executed by the "a lpha"  neuron in- 
terpreter), names it " a l p h a l , "  and gives values for its 
parameters. Then three input synapses are specified. Us- 
ing a set of neuron interpreter programs and this language, 
an arbitrary network can be set up. Additional commands 
exist for the later modification of parameters or connec- 
tions by the user, or by another program using a unix pipe. 
The network editor assumes the existence of programs on 
the DSP to simulate network elements but makes no as- 
sumptions about their structure. 

Artificial Spindles 

The muscle spindle is an important transducer of hu- 
man proprioception (17,46). An artificial spindle is being 
developed for use in the Anthroform Arm (32). The arti- 
ficial spindle is a nonlinear, compliant, displacement sen- 
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sor with active offset control designed to emulate the func- 
tionality and response characteristics of spindles. 

Muscle spindle modeling and characterization are still 
at an early stage. Most of the efforts to model the spindle 
response ignore the gamma activation system or assume 
that it is constant (15,16,34,36-38). A recent model by 
Schaafsma et al. (39) has included the effects of efferent 
activity and the mechanics of the intrafusal fibers. 

The artificial spindle (Fig. 5) is designed to be able to 
respond to imposed displacements according to the vari- 
ous models above. It contains a nonlinear force sensor 
composed of an eccentrically loaded leaf spring instru- 
mented with a foil strain gauge bridge. Surface mount 
electronics encode the resulting strain measurement with 
pulse frequency modulation. The system is capable of a 
5:1 modulation of firing rates. The nonlinear load cell and 
miniaturized electronics can be displaced up to 3 cm by a 
miniature gear motor and lead screw. The motor can move 
the position of the load cell to a resolution of 16 microns. 
The force sensor and electronics correspond to the sensing 
elements in the spindle and the motor and leadscrew cor- 
responds to the intrafusal fiber. 

The entire system fits into a 1 cm diameter x 11 cm 
length tube. We are currently experimenting with control 
methods to achieve realistic outputs as simulated gamma 
activation levels change. 

A special daughter card contains pulse width modula- 
tion (PWM) electronics for driving the spindle motor, op- 
tical encoder chips for processing position feedback from 
the spindle motor, and rate decoding counters for measur- 
ing strain readings. The clocking frequency and reset val- 
ues of the counters are programmable so that a variable 
gain and offset may be applied to the spindle firing rate 
measurements. 
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FIGURE 5. Mechanical schematic of artificial muscle spindle 
developed for the Anthroform Arm (32). Sensor consists of a 
nonlinear load cell and a positioning system to provide a vari- 
able offset to the measurement. The ~/motor activity of the 
arm model will be mapped to a displacement command for 
the artificial spindle. Device dimensions are 1 • 11 cm, mo- 
tion range is 3 cm. 

Elbow Testbed 

Once the Anthroform Arm hardware and the computing 
support is complete, there are two main obstacles to im- 
mediately beginning reflex testing: (i) we cannot easily 
control external torques about the joints; and (ii) we have 
no absolute position measurement against which to cali- 
brate the spindle outputs. To solve these problems, the 
initial reflex loops will be developed in the elbow flexion 
extension system using a special test stand instead of the 
arm itself. 

The elbow testbed (Fig. 6) consists of a steel frame 
containing a torque motor, agonist and antagonist actua- 
tors, spindles, and optical encoder. The shaft of the motor 
is fitted with a special fixture which duplicates the attach- 
ment points and variable moment arms of the elbow flex- 
ors and extensors. A 1600 count optical encoder is at- 
tached to the motor shaft to provide an accurate position 
reading. A personal computer can control torque wave- 
forms to the motor and read shaft angle for data acquisi- 
tion and experiment control. 

The elbow testbed provides the capability to complete 
the first reflex loop to be studied, the monosynaptic stretch 
reflex, and study the resulting system by duplicating clas- 
sical experiments in which torque perturbations are ap- 
plied to the limb and the responses observed (1,2,16,25, 
27,36,42). 

FUTURE PLANS 

We are currently using the system to implement real- 
istic simulation of the monosynaptic stretch reflex in the 
elbow flexion-extension system. Using the elements de- 
scribed above, our simulated reflex arc will consist of two 
artificial spindles, agonist and antagonist pneumatic mus- 
cles, type Ia and type II spindle receptor cells, Ia inhibi- 
tory interneurons, Ib Golgi tendon organ receptors and Ib 
inhibitory interneurons, alpha and gamma motoneurons, 
and Renshaw Cells. Physiologically realistic delays will 
be simulated for all connections and for the afferent and 
efferent pathways. 

A difficult challenge will be determining synaptic 
weights for all connections. Our initial approach will sup- 
plement careful literature search with "best  guess" meth- 
ods to set initial values. Then we will numerically opti- 
mize the system to obtain the best fit to torque perturbation 
experiments simulated on the elbow test fixture. The final 
system will be duplicated in the elbow joint of the An- 
throform arm and tested with constant pressure applied to 
the shoulder actuators. 

We also plan to model disease processes with the An- 
throform Arm system. The various pathologies that have 
been documented in the central nervous system have ef- 
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FIGURE 6. Elbow test fixture used to develop reflex circuits prior to installation on full Anthroform Arm. Steel frame supports 
agonist and antagonist actuators, artificial spindles, and special insertion fixture (see text). Torque motor under the command of 
personal computer can apply torque perturbations. Optical encoder position sensor provides calibration reference for spindles. 

fects on the neural circuitry which can be documented by 
histological and behavioral changes. We hope that the 
relationships between these cellular and behavioral 
changes will give us phenomena we can use to test our 
models and will yield information on the mechanisms of 
disease pathologies. 

In an initial trial of the arm (16) we demonstrated pre- 
movement postural contractions; which stabilized the 
shoulder joint in advance of rapid elbow flexion. We will 
also investigate the role of spinal cord circuits in multijoint 
movement coordination. Tactile modality reflexes such as 
the withdrawal reflex will be a good additional test of the 
multiple joint coordination. We plan to use a simple touch 
sensor to initiate coordinated withdrawal behavior. 

CONCLUSION 

We have described a new model for study of central 
nervous system function. The Anthroform Arm is now 
ready for implementation of real-time spinal circuit mod- 
els. Like any model, the Anthroform Arm will not defin- 
itively answer traditional scientific questions. Rather, 
when the model has been tuned to behave in a manner 
indistinguishable from experimental data, it will demon- 
strate that a large set of scientific information (i.e., the 
database used to construct the model) is consistent with 
itself and with reality. We  believe that technology is suf- 

ficiently advanced to begin building a series of such mod- 
els of increasing complexity and realism. Extensive efforts 
at reductionist studies of increasing sophistication have 
not yielded a sense of understanding of the overall func- 
tion of the central nervous system as it relates to move- 
ment control. By carefully integrating a large and increas- 
ing amount of information from widely varying sources, 
we believe that Anthroform replica development can fur- 
ther mankind's understanding of sensory-motor control 
physiology. 
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