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An Analog VLSI Model of Muscular Contraction
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Abstract—We have developed analog VLSI circuits to model the tems used to artificially stimulate muscle tissue) to investigate
behavior demonstrated by biological sarcomeres, the force gener- their effectiveness at controlling muscle tissue in a biological
ating components of muscle tissue. The circuits are based upon thefashion. We could also use such actuators in autonomous robots,

mathematical description of crossbridge populations developed by . - - . .
A. F. Huxley. We have implemented the sarcomere circuit using Which require efficient, lightweight actuators that can perform

a standard 1.2um process, and have demonstrated the nonlinear @ diverse set of complex tasks.

transient behaviors exhibited by biological muscle. The first step to producing a biomorphic actuator is to produce
Index Terms—Sarcomere model, Huxley's crossbridge model abiomorphic modebf muscle actuation that will ultimately be
analog VLSI, neuromorphic engineering. used to control a standard linear actuator or an array of linear

actuators. By basing our implementation on a model that is
founded upon the underlying biological processes, the biomor-
phic model is capable of producing some of the more subtle
ATURE has developed a unique set of solutions for comonlinear properties of muscle such as history dependence and
trolling movement in a wide variety of situations. Skeletalhe complex interaction between force, length, and velocity. Ad-
muscle, the actuator used in voluntary movements, is capagitonally, the biomorphic model may be more likely to pro-
of performing both fine motion control, such as that requireduce appropriate behaviors when the model is simulated in a
in writing and speech, and large, powerful movements, suchrgw regime of operation that biological experimentation has not
that associated with running and jumping. This actuator is bagdéntified.
upon a modular architecture that uses different combinations ofWe have developed a biomorphic model using nonlinear,
a small set of building blocks with different properties to createw-power circuitry that demonstrates many of the character-
a large variety of muscle types, facilitating the amazing versistics of biological actuation. Muscle demonstrates nonlinear
tility found in biological systems [1]. In addition to this versatelationships between force, neural stimulation, length, and ve-
tility, by using arrays of these building blocks, muscle achievégcity. In order to implement these features in the most efficient
efficient actuation with an excellent power-to-weight ratio [2Jmanner, we employ nonlinear, analog circuitry. Prosthetic and
By exploiting the underlying architecture of muscle, it is posautonomous robotics applications require low-power systems
sible to improve the versatility and efficiency of engineered mavhich are portable, demanding low-power circuitry for the
tion-control systems. biomorphic model. Therefore, we have exploited a tool that
Exploitation of the biological organizational principles prohas been proven to be useful for modeling low-power neural
vides a foundation for developing l@omorphic actuatorfan systems. Neuromorphic, analog very large-scale integrated
actuator whose structure and function closely resembles its QL SI) circuit technology [3] utilizes large arrays of analog
ological counterpart) and associated control circuitry. Such #ansistors operating in their subthreshold regime. This type
actuator would have the potential to be used in multiple engif circuitry has many advantages including: 1) the ability to
neering applications. An actuator that had the same input-outpiiain nonlinear behaviors demonstrated by biology using a
characteristics as biological muscle could be used to producemall number of transistors; 2) low currents, associated with
limb prosthesis that mimicked biological movements in a mossibthreshold operation, which produce low-power imple-
natural manner. A biomorphic actuator could also be used nrentations; and 3) the ability to be used to implement many
conjunction with functional electrical stimulation systems (sysomponents operating in parallel, mimicking the architecture
governing neural systems. The parallel nature of the VLSI

czrcuits allows our biomorphic model to operate in real-time,

. INTRODUCTION

Manuscript received August 14, 2001; revised December 26, 2002. Thiswork . . .
was supported by the National Science Foundation under Grant 9872759 an¥§jich is essential to interact with the real world.
a Biomedical Engineering Research Grant from the Whitaker Foundation. ThisIn this paper, we will present the nonlinear characteristics as-

paper was recommended by Associate Editor A. Rodriguez-Vazquez. ; ; ; ; ; ; ; e _
T. A. Hudson is with the School of Electrical and Computer EngineerinS,OCI"ilted with biological actuation and describe a circuitimple

Laboratory for Neuroengineering, Georgia Institute of Technology, Atlanta, GI€Ntation of these characteristics. This circuit has been fabri-
30332 USA, and also with the Deptartment of Electrical and Computer Egated and tested, and experimental results are presented.
gineering, Rose-Hulman Institute of Technology, Terre Haute, IN 47803 USA
(e-mail: tina.hudson@rose-hulman.edu).

J. A. Bragg is with the School of Electrical and Computer Engineering, Lab- [l. DESCRIPTION OFBIOLOGICAL ACTUATION

oratory for Neuroengineering, Georgia Institute of Technology, Atlanta, GA M i keletal le h hi hical struct
30332 USA, and also with the Department of Physiology, Emory University, ammalian skeletal muscle has a hierarchical structure, as

Atlanta, GA 30303 USA. shown in Fig. 1 [1]. Whole muscles are comprised of a par-
P. Hasler, and S. P. DeWeerth are with the School of Electrical and CO?HGI array of muscle fibers, which contain a parallel array of

puter Engineering, Laboratory for Neuroengineering, Georgia Institute of Tech- .., . _ .

nology, Atlanta, GA 30332 USA. myofibrils. The myofibrils contain sarcomeres (the force gen-

Digital Object Identifier 10.1109/TCSI1.2003.813593 erating components of muscle) organized both in series and in

1057-7130/03%$17.00 © 2003 IEEE



330 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 50, NO. 7, JULY 2003

muscle

muscle fiber

muscle fiber

crossbridge

X =X sarcomeres

actin
filament

myosin

1] .
myosin crossbridge
filament

Fig. 1. The component parts of mammalian skeletal muscle: muscles are made up of parallel fibers, each of which consists of many myofibrilsTihgarallel
myofibrils consist of sarcomeres in series and parallel. Sarcomeres, the subunit being modeled in this work, are the fundamental forcelgemamtinthey
are made up of parallel actin and myosin filaments, with myosin crossbridges stretching between them.

parallel. Within each sarcomere are actin and myosin filaments e
which provide much of the structure of the muscle, and cross-8 —~ P —
bridges (the heads of the myosin filament) that stretch betweer g L
the actin and myosin [4]. The crossbridges rotate through po-
sitions of lower potential energy causing the actin and myosin Q time + time
filaments to slide relative to one another, resulting in muscle (a) contraction begins (b)  stretch begins
contraction.

All force is produced by the spring-like characteristics of _/\_/
crossbridges [4]. Similar to a spring’s natural length, where its
force is equal to zero, a crossbridge has an equilibrium posi-
tion where it cannot produce force (see Fig. 1). A detached
crossbridge will attach to the actin filament some distance away A time
from it's equilibrium position. As a consequence of being a part (c) stretch begins
of a distributed system, the attached crossbridge can be moved

it it ; i it ig. 2. The nonlinear dependency of biological muscle force on muscle
o positions positive or negative to the equilibrium position b elocity during (a) a constant velocity contraction and (b) a constant

th? sliding O_f the filaments. Lik? a spring., each attaCh?d CroSRtocity stretch. In both cases, the dashed lines indicate higher velocities.
brldge contributes a force that is proport|ona| to the distancedl The force output of biological muscle during an extremely high velocity

is stretched from its equilibrium position. The total force of th%tretCh‘. demonstrating the nonlinear property of yielding, which is critical in
. R . etermining a muscle’s initial response to an applied length perturbation.

muscle is the sum of all the individual crossbridge forces.

The unique force characteristics demonstrated by muscle are
mediated by the attachment, detachment, and movement of diue to an externally applied force greater than the muscle force
crossbridges. Muscle force has a nonlinear relationship wigee Fig. 2(b)], the muscle force increases and saturates at a
the muscle length and the velocity of stretch or contractidnigher steady-state level because crossbridges are being pulled
[5] (shown in Fig. 2), which enhances both stability and pete positions positive to their equilibrium position, increasing
formance [6]. As the muscle actively shortens [see Fig. 2(ajle force contribution of these crossbridges. Faster lengthening
force falls exponentially, saturating at a lower steady-stavelocities result in higher steady-state muscle force levels
level. Faster contraction velocities result in lower steady-stg@ashed line).
force levels (dashed line). This characteristic occurs becaus@he transient response to high velocity stretches is highly
the contraction pulls many crossbridges to positions negatiwenlinear [5]. The force rapidly increases to a much higher value
to their equilibrium position, where they resist contractiorand then falls to a new steady-state value [see Fig. 2(c)]. This re-
producing a negative force contribution. However, these crosponse is due to crossbridge detachment at positions far from the
bridges soon detach, preventing the whole sarcomere fraquilibrium position. The initial linear response of the muscle is
producing a negative net total force. As the muscle lengthekisown as the short range stiffness (for short operating ranges,

Force

Force
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fx) 9t are depicted in Fig. 3. A crossbridge can only attach over a
S finite distance/, called a single bond length. The parameter
. is often normalized by the bond length as folloWs= z/h,
X X which relatesz to a known distance in the sarcomere. Once

x=0 ¥ the crossbridge is attached, movements in the sarcomere can
&=1 stretch the crossbridge to positions whére> 1 or { < 0.

Fig. 3. Crossbhridge attachmefif(x)) and detachmentg(x)) rates as a However, thls moveme.nt mcre.ases the.energy in the state of
function of z, with the solid lines indicating the curves used by Huxley [4]th€ cro_ss_brldges, causing an Increéase In the detaChment. rate.
and the dashed line indicating the modification made by Zahalak[8% 0 The original Huxley model overestimated the forces during
denotes the equilibrium position, agd = 1 denotes the maximum length stretches and did not exhibit yielding at high velocities. Za-
at which an unattached crossbridge can attach. We will refer to the region . g

between these two points as the first bond length. halak corrected this problem by modifying the detachment rate

(shown by the dashed line in Fig. 3). The spatial dependence
the stiffness is very high) and the decline in force is knowff the rate constants has not been experimentally measured;

as yielding. Many neuroscientists assume that the role of sh@pwever, the form developed by Zahalak produces simulation

range stiffness is to stabilize the limb posture in response to ({ita that match well to the biological data [8]. _

expected perturbations [7], [5]. Because this response occurs beé_.\ssumlng the crossbridge is Iln.early elastic, its forcg contri-

fore the neural feedback mechanisms can begin to operate, Rion can be calculated as the stiffiness of the crossbridge mul-

considered an important nonlinear response for muscle tissu#Plied by its distance away from the equilibrium position. The
The length of the sarcomere also plays a major role in detdptal force producuon for the entire sarcomere is the s_um_of the

mining its total force production by changing the total number frce contributions of each attached crossbridge, which is me-

crossbridges available for attachment [1]. When the sarcoméfgted by the following equation:

is at longer and shorter lengths, fewer crossbridges are avail- oo

able for binding, which diminishes the maximum force produc- F(t) = K/ (n(z,t) - z)dx 2)

tion. The resulting force—length relationship has an optimal re- —oo

%23;‘:;&?2?}2‘22;:}:”;?2mum force that linearly declines fovrvhereK is a scaling factor that represents the stiffness of the

crossbridges.

The first order partial differential equation, (1), is difficult to
implement in circuits because of the continuous nature of the

The nonlinear properties of muscular contraction were cagpatial variable:. The method of lines is a numerical procedure
tured by a mathematical model developed by Huxley [4]. Eathat converts a partial differential equation into a set of ordi-
sarcomere has thousands of crossbridges, facilitating the studyy differential equations by discretizing one of the indepen-
of sarcomere mechanics using a statistical population of crogent variables using a finite difference equation [9]. We have
bridges. Ifz(«x, t) is the percentage of crossbridges that are at@plied this method to the spatial variable to simplify the circuit
distancer from their binding site at a given timgthenn(z,¢) implementation. We augmented (1) by dividindgnto % spatial
represents the percentagez9%, ¢t) that are attached. This for- bins, where each bin represents some rangevalues. The re-
mula incorporates important mechanical and chemical elemeststing equation for a single bin is
involved in sarcomere actuation, such as the velocity at which
the actin and myosin filaments slide relative to one another anti _ niy1(t) —ni(t)
the crossbridge binding rates for attachment and detachmentﬁni(t) = fi(l =ni(t)) = gini(t) + (1) ( )

The equation describing(z, t) is (3)

X‘I-=0 f
&=1

Ill. HUXLEY'S MATHEMATICAL MODEL

Tit1 — Ty

gn(L t) = f(z)(1 = n(z,t) — g(x)n(z,t) + v(t)ﬁn@ t) wherei is the bin number in the range O%o- 1, and the partial
ot I 1) derivative ofn with respect tae is replaced by the theght dif-
ferenceequation of attached crossbridges in neighboring bins.
are the binding and unbinding ratedn each of the difference equations,represents the number of
attached crossbridges in tith bin andz; represents the value
é‘&)rresponding to the center of the bin. The constgnendg;

where f(z) and g(z)
of the crossbridges and(t) is the contraction velocity. The

f(z)(1 = n(z,t)) term represents the rate at which unattach
correspond to the value ¢f(z) andg(z) evaluated at;.

crossbridges will attach. Thgx)n(z, t) term denotes the rate ) _ . .
at which attached crossbridges will detach. As the sarcomerg Ne force is calculated by a discretized version of (2)

is stretched or shortened, the actin and myosin filaments slide o1 o1

with respect to one another, causing attached crossbridg _ N S S e T N AN

to move to different position. The term(t)(d/dz)n(z,t) W) =3 mil) i < 2 ) ;m(t) wi (4)

calculates this movement of crossbridges as a function of the

velocity of stretch or shortening. where, for theith bin, n; represents the number of attached
Huxley hypothesized that the attachment and detachmenbssbridges in that bim,; represents the value at the center of

rates (f(z) andg(z)) vary with 2 due to the molecular orien- the bin, andz;+; — x;_1)/2 represents the bin width. Because

tations of the actin and myosin filaments [4]. These variations = 0 ati = —1 and: = k, the force contribution at these

=0
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first (TA; andTA,) are used to generate curreffsandl,, , which

contraction region It:\r;;‘:h lengthening region encode the attachment and detachment terfrig, — ni(t))
/- andg;n;(t), respectively. The voltage,.s; andgnias; encode
\ /ﬂvidth the attachment rate constant and the detachment rate constant,
N - respectively. Both of these values are set for each bin as a
] N T . function of the crossbridge position;. They set the transcon-
3 2 N o 1 2 3 4 s 6 ductance of the TAs, and are programmed to values that ensure
Bond length (x/h) the TAs operate in the subthreshold regime. The relationship

between the differential input voltage and output current of an

Fig. 4. Nonuniform bin distribution scheme, which retains a force—veloci - : : :
curve matching that seen in biological muscle while reducing the number of bﬁ'sa‘ operating In the subthreshold regime I1s of the form

required to implement the model. Bin density is highest in the first bond length,
and reduces as bond length increases in the positive and negative directions. (h‘,(V+ — V,) )
Iowt = Iy tanh | ——= (5)

bin positions is equal to zero. The force can be rewritten as a
weighted sum of the distribution of attached crossbridges, wh&vberel, is the bias current of the TAJ; is the thermal voltage
the weight of each binis given by; = z;-((z;41—2;_1)/(2)). equal to(kT)/q, andk is the gate efficiency constant [3]. If

A major concern in developing the implementation of théV; — V_) < 200 mV, (5) can be approximated as a linear
sarcomere model is the trade-off between circuit size and b¢lationship betwee(V, — V_) and/,,:, shown below.
ological accuracy. Although discretizing the spatial portion of
the partial differential equation makes the circuit tractable, the I k(Vy—V_) ©)
implementation now requires a subcircuit for every spatial bin. out b '
Therefore, it is necessary to optimize the biological accuracy
against the number and distribution of spatial bins. PromptedIf I, is defined as the bias current that results from the
by the manner in which Huxley’s model calculates crossbridgeltage fii.s; andI, s, is defined as the current that results
movement, we found that a nonlinear distribution of bins, showrom the voltageyyi.s,, thenly, and,, can be written as fol-
in Fig. 4, with more bins of a smaller width in and near the firdbws.
bond length(0 > ¢ > 1), produced a force—velocity relation-

ship that closely resembled the continuous solution [10], [11]. I, = Tt vias, & (Ve = Vi) @)
We performed mathematical simulations of the force—velocity 7 2U, cm
relationship using a discrete representation of the continuous I = Iy vias; K (Viet = V) ®)
solution to Huxley’s model. Using sixteen bins, these simula- DT ref 7 P

tions demonstrated a two percent variation from the continuous
solution over twenty percent of the input range. The highest otvhereV,, andV;.; represent the maximal and minimal fraction
served variation was four percent for large velocity inputs. Th@éf crossbridges (1 and 0 respectively) that can be attached in a
nonlinear grid has been discussed in more detail in [10] and [1@jven bin. If I 1., andl, 1i.s; are equal tgf; andg; in (3), then
(7) and (8) correspond to the attachment (gtél —n;(¢))) and
IV. M ODEL SARCOMERE CIRCUIT DESCRIPTION detachment ratéy;n;(t)) terms.

, __To ensure thatV; — V_) is less than 200 mV for each TA,
We implemented the Huxley model of sarcomere actuatiqn _ £ < 200 mV. If V, > Vi (indicating activation of

using sixteen bins coupled together by circuits implementing, sarcomere) anfhius, > ghias,, the node voltagey,., will

the velocity term. By carefully setting the parameters amonRgerease until it reachek, . If Foinei < bincis Vo, Will remain
the bins, we created a nonlinear distribution of bin widths. Th}ﬁ V.er. When the sarcomere is 'not activat(édyq = Viep), all
retr- - re: 1

section will detail the circuit implementation of a single bin, thﬁode voltages remain &t.;
parameter distribution among the array of bins, and the circuitsThe velocity-dependent term in (3) is implemented using a

calculating the velocity from a differential length input and th%omplementary pair of unidirectional delay lines. One delay line

force-length relationship. calculates crossbridge movement from bins on the right to bins
) ) ) on the left, which occurs during contraction. The other delay
A. Single Bin Implementation line calculates crossbridge movement in the opposite direction,
The bold circuit elements in Fig. 5 comprise the circuivhich occurs during lengthening. To appropriately control each
schematic for a single bin. Each of the bin circuits are operatetithe delay lines, we transformed the velocity input by multi-
in the subthreshold regime in order to 1) maximize power effplying it by two unit step functionsy(¢) andu(—t) for the con-
ciency; 2) enable low frequency operation to mimic musculéraction and lengthening components respectively. In the orig-
time constants without requiring large, off-chip capacitorénal Huxley equation, positive velocities represent contraction
and 3) utilize the exponential transconductance in this regiraad negative velocities represent lengthening [4]. To eliminate
to simplify the parameter distribution. The capacitor voltagéhe need for negative input voltages, we use these half-wave rec-
V... encodes the value af;(¢). This value is computed via tified versions of the velocity. The resulting functions for the
the integration of a set of currents representing the individuedntraction component of the velocity:(¢), and the length-
terms on the right side of (3). Two transconductance amplifieesing component of the velocityy, (¢), are shown in Fig. 6(a).
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Fig. 5. Circuit diagram of a single bin implementing (3), with bold lines indicating the circuit elements comprising a sindl& pisndTA , generate currents
representing crossbridge attachment and detachment, WhieandTA , are elements in delay lines that implement the translation of crossbridges as a function
of velocity. The capacitor voltag¥,,, (representing the percentage of attached crossbridges in the bin), is translated into a/gur(esfiresenting the force
produced by the bin) by the differential pair in tAtachment/Detachment Black

The discrete Huxley equation was rewritten as follows to includearger bins widths result in smaller coupling strengths and vice

the half-wave rectified version of the velocity versa.
d Each delay line is constructed using a set of TAs configured
2"1(1) = fill = ni(t)) — gina(t) as unidirectional resistive elementgA; and TAy4 in Fig. 5),
[retmina® <) e e e e e
oL (t)ni—1(ni—1(t) — ni(t)) PRGN ! 2o | i1 T T

is less than 200 mV, the TAs operate in the linear portion of
wherern; = 1/(z;+1(t) —z;(t)). The parametey; indicates the their transconductance relationship. andV,.¢s constrainV,,
coupling strength among neighboring bins for a given velocitio have a 200 mV range; therefofg,,,, — V,,,| < 200 mV
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(a) (b) similar manner as seen in (4). Each bin has a weight associated

with the center of the bin. The weight parameter is calculated as

v () ve(t), 7 % \ w; = x; - Ax;, whereAz; is the width of the binw; is encoded
Pid ~ :\ as the subthreshold bias current of a differential pair.
Lz — Becausé/,,, is constrained to a 200 mV range, we can also
Sarcomere Velocity Voist,  Vbiasc assume that the weight differential pair is operating in its linear
lengthening contraction Vel region. Thus, the output current of the biiz,, which represents

Fig. 6. Decomposition of the velocity term in order to ensure thatcrossbridage force generated by the bin, can be calculated as

movement occurs in only one direction during a given length change. (a) Ideal
decomposition, separating lengthening and contraction velocity components. Ie = Iy bias; /¥ V. Vo Ly bias; 14
When one function is nonzero, the other is zero. (b) lllustration of actual F, ( i m‘d) + 9 ( )
decomposition implemented by the differential pairs in the delay lines.

Solid line showsl,.11;as ¢ for the contraction delay line. Dashed line shows . . . . .
Levias . fOr the lengthening delay line. This decomposition retains a regiowherelw bias; 1S the bias current of the differential pair that re-

Vielo, Where both delay lines are inactivated. sults from the voltageuvy.s,. The paramete¥;,iq is set to a
value of(V,, + V,.f)/2 to ensure that there is a linear transfor-

and the TAs have a linear relationship betwégn , — V,,, and mation betweef;,, and/r, . Due to the sigmoidal nature of the

L, Ivelc; - differential pair, this value o¥,,;q produces zero current when

The dependence of the velocity term upgn), represented the capacitor voltage is equalt@.;. If the bin has a negative;,

by V.. in the circuit, andn;, is found in the formulation of the output current of the differential pair is copied by a current

Lielbias L; andLyeinias o, - These two bias currents are generatendirror so that bins with a positive value faf source current

by a differential pair, which has a sigmoidal relationship beand the bins with a negative; sink current. The bin currents

tween its output current and its differential input voltage. If théwhich represent the force produced by each bin) are summed

differential input voltage is less than 200 mV, then the outpt® compute the total sarcomere force as follows:

current can be approximated by the following linear equations:

-1
I”h‘—lﬁ I IForce = ZIFl (15)
i=0

‘ 4U,

Lielbiasz; = AU (Vbias . — Veel) + % (10)
t
I, K I,
Ive ias C; — LR Vve -V ias + L 11 . . . .
Iblas Cs 4U; (Veer bias C) 2 (1) B. Parameter Distribution Among the Bins

wherel,, is the current through the bias transistor due to the bias | N€ sarcomere circuit consists of sixteen bins connected in a

voltager; and Vi - andVi.. o are constant voltages that dedistribution similar to one shown in Fig. 4. Five bins of equal bin

termine the zero velocity point of the circuit. The output curreftidth are placed in the first bond length, whefe> 0. Seven
is taken from the respective opposite legs of the differential p&ins of increasing bin width are placed in the lengthening region.
for the lengthening delay line versus the contraction delay lingPUr Pins of increasing bin width are placed in the contraction

producing opposite slopes for the output currents, as showr §¢'°n- _ _ _
Fig. 6(b). Each bin has a number of bias voltages, including

The values forVi.sr. and Vs are chosen such thatVa7‘/ref7fbiasmgbias“wbias“Vmid7Vvel7VbiasC7Vbiava
(Viiasc — Viiasz) = 200 mV. This restriction ensures thatdnd n:. The level of sarcomere activatiofr,,, and the sar-
only one delay line will be activated with a nonzero valu§omere velocityV..1, are global inputs into each bin across the
Of Lemias, fOr any given value ofVi.. Additionally, this 278Y-Vret, Vinid, Vbias o andViias £, are global constants used

separation betweeVi,;.. ;, and Vi, creates a region where!o bias all of the bins into the proper operating regifing;, w;
Lyetbine s, = lvelbinec, = 0. This dead zone is necessary t@ndn; are parameters that depend upgnand therefore the

ensure that some value fdf.; exists where neither delay line Pias voltagesyias, ; ghias; » Whias, @Ndn; must be set differently
is activated, denoted b¥jeove. We can compute the final 07 €ach bin. Setting these four bias voltages individually for

velocity terms, linearly dependent updi, .. — V,,., Vel and each bin would require 64 inputs, requiring more than the 40
ni, as foIIows:, v ' pins available on a standard tiny-chip. These voltages could

be set by storing the values on the chip; however, when the

k(I .k . sarcomere is one of many comprising a fiber, setting 64 bias

Lerr; = 2U, < 4T, (Vbins 1. = Veel) + D) ) voltages for every sarcomere would be tedious and difficult.
Therefore, we applied other techniques to reduce the number

i1

X (Voo = Vi) (12) of inputs from 64 to 10.
[ U Iy, In the first bond length, we used a uniform distribution of bin
vel C; ( vel bias C) + . . . . .
2U; \ 4U; 2 widths equal to one-fifth the bond length. We achieved this uni-
X (Vm+1 — Vni) . (13) form distribution by using a single input;,, to set all of the

7; voltages in this region, as shown in Fig. 5. We implemented
The resulting percentage of attached crossbridges for edlh linear distribution of thef;, g;, andw; parameters by lin-
bin, V,,,, is weighted and translated into a current that represeetly scaling théV/ L ratios of the bias transistors in the corre-
the force contribution of a single bitfig, . I, is calculated in a sponding TAs. This scaling allows tlfe, g;, andw; parameters
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to be set for the entire region using only three bias voltagesgime. In addition, the following constraints must be placed

Vi, Vg, andV,,. upon the parameters:

In the lengthening regiorf; = 0, the slope ofj(z) increases,
and the bin widths, and therefore the weights, increase monoton- Vi >V, 17)
ically in «, as shown in Figs. 3 and 4. The paramgtewvas set Vy, Voo >V, (18)

to zero in this region by connecting the nFET bias transistor of
TA; to ground. We could have increased the remaining param- Viois Ve > Vi (19)
eters by scaling th&//L values as seen previously; however Vae: Voe > Vy (20)
this method would result in prohibitively large transistor sizes.
Therefore, we used resistive ladders for each of the remainidging these parameter constraints, we have implemented and
parameters to produce linear gradients in the bias voltages fsted the operation of the circuit shown in Fig. 5, showing the
each of the TAs in this region, as shown in Fig. 5. If the volteffects of the delay line and crossbridge attachment and detach-
ages across the resistive ladder are below the threshold voltaggnt rates on the force output [11].
of the transistors they are controlling, this linear gradient in bias The sarcomere model exhibits some second order phe-
voltage translates to an exponential gradient in bias currentsnomena. The linear assumption of (5) exhibits approximately
The parametey; sets the bin width, and therefore the bin dis20% error whenV,,, is nearV,, or Vi.t. As a consequence,
tribution. By connecting, to the left side of a resistive ladderthe implementation will allow a greater amount of charge to
and a new parameter;,, , to the right side of a resistive ladder,leave the bins in the first bond length during a lengthening
we can control the distribution of bin widths in this region whil@r stretch after an isometric activation (where the length has
preventing a discontinuity in bin widths between the first bon@ot changed for a period of time and therefore all capacitor
length and lengthening region. 1f,, is closer to the power Voltages have reached their maximui¥, )). This effect is due
supply thanV;,, the coupling between neighboring bins will deto a smaller tranconductance of the attachment TAs when the
crease inz, producing an increasing distribution in bin centefnput is nearV,,. Similarly, the detachment TAs will exhibit a
valuesz;, and therefore bin widths that increase exponentialllpwer transconductance wheéf,, is nearV..¢. This voltage is
Similarly, by connecting/, to the left-hand side of the de_obgerved most commonl){ in the lengthening and contraction
tachment rate resistive ladder and a new parameger,to the regions before a change in length causes the charge to redis-
right-hand side, the bias currents of the detachment rate TAs WilPute among the bins in this region. Thus, during contractions,
increase exponentially while preventing a discontinuity betwedf smaller transconductances will cause the charge to spread
the two regions. However, due to the manner in whigis being further down the delay line for the VLSI implementation than
set, ther; values are increasing exponentially in this region 48" the ideal mathematical model, resulting in a slightly lower
well. Therefore, if ther; distribution is carefully matched to thefinal force. During lengthening, the effects of the attachment
distribution of g; values,g(z) can increase linearly. The exact/AS in the first bond length and the detachment TAs in the

distribution ofg(i) values in this region is of the following form. engthening region counter one another. Therefore, the effect is
minimal, although it tends to lean toward slightly higher forces

due to the higher weight distribution in the lengthening region.
Iy bias; & = (16) Another second-order phenomena occurs if mismatch or
poorly set parameters allows the lengthening delay line and the
contraction delay line to be activated simultaneously. In this
The weight parameter is defined asmultiplied by the bin circumstance, the circuit can exhibit feedback loops between
width. Bothz; and the bin widths increase exponentially, thereadjacent bins. As a consequence,14s increases due to a
fore the weight parameter should increase exponentially as webntraction, it drives its neighboring bil,, , through the
Again, we use a single resistive line to produce an exponenti@intraction delay line. A¥,,,_, increases, it driveg,,, through
distribution. Similar to the); andg; parameters, continuity be-the lengthening delay line. This feedback continues until all
tween the two regions is maintained by connecting the left-handde voltages reach the supply voltage. This effect is eliminated
side of the resistive ladder g, and the right-hand side of theby the dead zone, described in Section IV.A. Additionally, this
ladder to a new parametédr,,, , that controls the weight distri- effect can be compensated by increasing the transconductance
bution. of the attachment and detachment TAs, which overpower the
The contraction region parametegsandw; are set in a sim- positive feedback in the delay line.
ilar manner using two additional resistive nets and the parame¥Finally, the delay line may exhibit offset accumulation if
tersV,, andV,,., connected to the left-hand side of the couplingffsets occur in the same direction down the resistive ladders.
and weight resistive ladders, respectively. The detachment géis could potentially result in less or greater coupling between
rameter is constant in this region. To obtain this relationshipgighboring bins, which could effect the final force production.
we connected all the bias transistors of the detachment TAs tbl@wever, this phenomena does not have a significant effect on
single parameteyy,,.. the qualitative behavior of the circuit.
By utilizing resistive ladders and transistor scaling, we are . L
able to control the entire 16-bin sarcomere using ten bias vdft: Translation From Length to Activation
ages. For proper circuit operation, all of the parameters must bélhere are three major circuits in our system that transform
set so that the bias transistors are operating in the subthreshb&sarcomere length in order to accurately reflect the effects of
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Fig. 7. Schematic of the circuits used to transform sarcomere length changes into velocity and activation terms. The differential voltagesluommeriek
translates the differential voltagé. ; — V. _ into a single-ended voltagdé;, representing the sarcomere length. The differentiator shown inB (@ircuit [12])
generates the temporal derivativeldf; its output voltagé/.,..; represents the sarcomere velocity. The force—length circuit shown in C (a modified bump circuit
[13]) translated/;, into a voltageV,, representing the number of crossbridges able to bind.

sarcomere length on force output. A differential-to-single-ended less than one at low frequencies. These factors mad€the
voltage converter allows us to express sarcomere length asttactive for our design.

differential voltage, facilitating the future development of fiber 5.4 jimitation of thec** circuit is its nonlinear response to

models. A differentiator transforms the length into the velocity step increase iV . The transistor M4, a drain induced bar-
term Vye1. Additionally, a bump circuit transforms the lengthie, |owering (DIBL) FET, helps to linearize this response [12].
into an activation factoi,, reflecting how sarcomere length ef— o gate of M4 is less than the minimum length, which pro-
fects the total number of crossbridges available for attachmefjt,.as 5 large amount of channel-length modulati,on. When we
These circuits are illustrated in Fig. 7. hold the gate of M4 at a constant voltage, channel-length mod-

In order to facilitate the future development of a muscle fibgfjation modulates the current through M3, linearizing the oper-
comprised of several sarcomeres in series, we chose to re%rtﬁig range.

sent sarcomere length with a differential signal. In order to meet ) ) ) )
later processing stages’ requirement of a single-ended voltagd "€ force-length refationship (block C in Fig. 7) was

representing length, we designed a differential-to-single-endg@fPuted using a “bump” circuit [13], which has a nonlinear

voltage converter (block A in Fig. 7) to transform the differfransfer function that is qualitatively similar to the biological

ential length,Vz 4 — V;_, into Vz.. The additional diode con- force—length relationship. This circuit has two inputs rep-

nected pFET, M1, in the converter ensures that the maxinjgF€nting the length of the sarcomeiq,, and the optimal
value ofV;, will be approximatelyWpp — Viiaee. This lowering length of the sarcomere (the length at which maximal force

of V;. below the supply voltage ensures that it will remain in thi§ Produced),Vio. When these two values are equal to one
common-mode input range of the next stage. another, the bias current is shared equally among all branches,

To transform the lengthV;, into a velocity, we designed a 9€nerating the maximal value of the output curr@p.y. As

differentiator circuit (block B in Fig. 7) using a Capacitively"Z @ndVro differ from one another, the gain of one of the two

Coupled Current Conveyé€™) [12]. TheC* can be used as aseries trf_;msisto_rs is reduce_d, lowering the valug,ef,,. Thus,
bandpass filter with adjustable corner frequencies. By operatiﬁﬁ the differential voltage increases, the output current falls to
on the ascending leg of th@*'s bandpass filter, we generate?€"©-

the differential function. This creates a compact differentiator The output current is translated into a voltagg, using a

that does not demonstrate ringing, which is essential for a trdi@de connected transistor. The diode connected transistor has
velocity calculation. In addition, the circuit can produce a gaia logarithmic relationship between input current and output
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Fig. 8. Photograph of the sarcomere circuit model, fabricated in a:?2 g 2
process on a 150@m x 1500 xm TinyChip. The sarcomere circuit itself ‘©
measures 292m x 1300xm (379 600 m?). EEB 2
g 15
. . . P
voltage, which results in a compression of the output voltage. T
V, is computed as follows.
Vi
Ur 1
Va = —=n| Ihias T (21) ()
1+ 4cosh ( 5 ) Fig. 9. Experimental data showing the force—length relationship of the

length-dependent sarcomere. (a) Increasipg. broadens the force—length
curve. (b) Changing’;, translates the the force—length curve, changing the

The logarithmic compression produces a rising and fallidg'9th &t which maximum force is generated.
slope that behaves linearly over the input range and broadens ) )
the region for the peak voltage. The output range is limited dfle Force—Length Relationship
to this logarithmic compression; however the sarcomere circuitThe force—length characteristic of the circuit was measured
requires only a 200 mV range fof,. Therefore, the logarithmic for different values oW}, andVy, (refer to Fig. 7 for the cir-
compression improves the qualitative matching of the circuit twit schematic)V;, was swept over a range of values while
the sarcomere data [1], [7]. Whéry, = Vi, V, reaches its V;_ was held at a constant voltage. The sum of all bin cur-
maximal value, producing the maximal force in the sarcomen@nts,/r...., was measured using a current-to-voltage converter
The maximal value oV, is controlled by the bias current, whichdriving an oscilloscope. The effects of the velocity circuits were
is set byVi,i.s. The source voltage of the diode connected traefiminated by placing the bias voltages for the velocity circuits,
sistor is connected to a bias voltag®,. Vi, constrains the lower V4, 1. andVi,;.s ¢, high and low respectively, which set the bias
boundary of/, within the common-mode input range of the sareurrents for the velocity TAs to zero.
comere TAs. The value dfz,o may be modified to change the Fig. 9(a) presents the force—length relationship for two dif-
input voltage necessary to produce the peak force, which allofgsent values of the bump circuit bias voltagé,.. (refer to
us to vary the force—length characteristic of sarcomeres in Big. 7 for the circuit schematic). The curves have been nor-
array. malized by their maximal output voltages so that the shapes of
the two different curves may be compared. The broader curve
is due to a larger value df,;.s. Increasing the bias current of
V. EXPERIMENTAL RESULTS the bump circuit increases the operating rang&gfwhich in-
creases the range of lengths over which the circuit produces a
We fabricated the sarcomere circuit using the Mosis fabonzero force. Both curves exhibit a flat plateau region around
rication facility using the AMI 1.2zm CMOS process. In the optimal length, which is uncharacteristic of the bump cir-
this process, a single sarcomere circuit requires an areacait. This plateau region is due to the limited range of opera-
292 pmx 1300 pm (379600 m?). Roughly 30% of this tion of the sarcomere circuit. The TAs in the sarcomere circuit
area consists of bin capacitors. A photograph of the fabricateave a linear input-output relationship for only 200 mV. There-
chip is shown in Fig. 8. Initially, we obtained experimentalore, if the range o, is greater than 200 mV, the TAs in the
measurements of the effects of the force—length relationsisi@rcomere circuit saturate. In this region of operatiinhas
circuit and the differentiator on the force current individuallyo effect on the circuit. While initially this limitation in oper-
to understand their individual contributions to the force. Theating range may appear as a limitation of the circuit, in practice
we measured the force response with both circuits activatedit broadens the plateau region, producing a force—length curve
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2.8 and the bottonTg,,... In order to ensure that we did not move
into the pass-band region of tii¢* circuit, we operated the cir-
Vi+ 261 cuit in the lower region of the ascending limb of the band-pass
24| Increasing Velocity | transfer function. As a result, the gain was very low andite
0.02 0.04 0.06 0.08 responded slowly. To compensate for this problem, we used a
22 B nonlinear ramp function. Initially, the ramp has a higher slope

to force theC* circuit to respond, then the ramp function slows

Vel 211 / o2 ] down to the desired slope.
7, Increasing Velocity The C* circuit produces a step function in response to the

2 ramp input, demonstrating the effectiveness of the circuit in
0.02 0.04 0.06 .08 producing derivatives. Both stretches and contractions produce
1 Elncwwng Velocity 4 step functions with similar differential voltage levels and sim-
Irorce08| ' N\ A B ] !Iar time constants. As the speed _of the contraction or stretch
' increases (shown by an increase in the slope of theling),
o6 | . the steady-state value bf., increases. The overshootlif; is
(;.02 '0,04 0.06 0.08 due to the slope change in the nonlinear ramp function used to
Time (sec) force a quick response from ti@& circuit.
() The sarcomere circuit produces nonlinear force responses in
response to the step i, as shown in Fig. 10(a). The force
2.87 Increasing Velocity T data is normalized to the force production of the sarcomere
- at zero velocity (called the isometric force). In response to a
Vi 26 - contraction, each curve demonstrates an exponential decay
24L ] (shown between the dashed lines) down to a steady-state force
0.34 0.36 0.38 0.4 (shown after the second dashed line). This same response has
2.1 | - Veloci been demonstrated in biological muscles [5]. The explanation
ncreasing Velocity . . . .
o ] of this effect can be observed by investigating the steady-state
Vel form of the Huxley equation.
191 i
0.34 0.36 0.38 0.4 din(x) = f@) +9(x) f(x). (22)
' — i vel vel
25[  Increasing Velocity ; The solution of (22) in the first bond length is of the form
2r :
'Foree Lsp n(z) = Ael&de® 4 B, (23)
| : ! ]
0.34 0.36 0.38 0.4 Thus, the bond distribution in the first bond length decreases
Time (sec) exponentially with the velocity, causing the force to decrease
(b) exponentially. The solution of (22) in the contraction region is

Fig. 10. Transient force output of the sarcomere circuit shown in Fig. 7 wi®f the form

length circuitry inactivated. (a) Response to constant-velocity contractions. 95

(b) Response to constant-velocity stretches. In both figures, the top graph n(:v) = Ae(m*’:), (24)
indicates sarcomere length, the middle graph indicates the output of the length

differentiator circuit, and the bottom graph indicates sarcomere force outputBecauser is negative in this region, the bond distribution in-
creases exponentially with velocity, causing the force to de-
crease exponentially. Assuming that our circuits are operating
that is better matched to the biological data [1], [7]. The efn the linear regions of the TAs, they should produce a similar
fects of modifying the optimal length/z,, are demonstrated rgg|t.
in Fig. 9(b). Increasing the value &%, shifts the force—length  |ncreasing the velocity of contraction results in lower steady-
curve to the right, but has no effect on the shape of the curvestate force and an increase in the slope of the initial fall in force,
which qualitatively matches biological data [5], [14]. Note that
for higher velocity contractions, the force reaches its steady-
The effects of different velocity contractions and stretches $¢ate after the velocity reaches its plateau, indicating that the in-
demonstrated in Fig. 10(a) and (b). In this experiment, we coeractions between velocity current, attachment current, and de-
trolled the inpul/z ;. with a decreasing or increasing ramp functachment current are responsible for the development of steady-
tion (representing a constant-velocity contraction or a stretstate force.
respectively) while holding/z,_ at a constant voltage. We re- In response to a stretch, as shown in Fig. 10(b), each curve
peated the experiment with ramps changing at rates of 2.2iltmonstrates a rapid increase in the current representing force
2.94, 3.98, 4.37, and 5.17 V/s. Using an oscilloscope, we mdahown between the two dashed lines) until a new steady-state
sured the output of th€4, V., and the force of the sarcomereforce is reached (shown after the second dashed line). As the
Irorce- The top graphin the figure preseis, , the middleV,.;, velocity is increased, the slope of the initial rise in force and

B. Force—\Velocity Relationship
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Fig. 11. The force output of a biological muscle (frog sartorius) in responsilg .. °‘a_
to stretches at six different velocities (from [14]). This data compares wel a8
qualitatively to the force output of the sarcomere circuit shown in Fig. 10(b). b ) K . . ) . , BT
|15.05 0.08 0.07 0.08 0.09_ 0.1 on 012 0.13 0.14 0.15
Time (sec)
the steady-state force both increase until a phenomenon known @

as yielding occurs, as demonstrated by curve C. In yielding
a lengthening muscle transiently generates a peak force th -
is greater than its steady state force at that velocity. Fig. 1 . A
shows yielding behavior in a muscle fiber from the sartorius e 58
muscle of the frog in response to a step increase in velocit 24L_, . . L L L : - : -
[14]. The two diagrams present similar behaviors. As velocity pe o ve om ew o e v R
increases, the steady-state force increases and yielding becor Increasing Velocity
evident. The biological data demonstrates a larger change intl v
slope of the initial response than the circuit data. We believ 29[
our circuits could demonstrate a similar behavior by modifyinc P
the parameters. '
The experimental data does not perfectly replicate the idei I
simulation of the model. The steady-state force shown by curvelorce |
A and B in both the contraction and lengthening graphs do nc

nN
@
T T T

exhibit much variation from one another. This effect is due to the ’ e e e e e i I
nonlinearity of the circuits converting the velocity to the bias Time (sec)
currents controlling the delay lines (see Fig. 5). These differ- (b)

ential pairs exhibit a sigmoidal relatlonsr_up petwelé;gl _and Fig. 12. Force output of the sarcomere circuit shown in Fig. 7 with length
Lieivias 1, - AS @ consequence, the delay line is not activated @fuits activated. (a) Response to constant-velocity contractions. (b) Response

strongly at very high and very low velocities. Additionally, thdo constant-velocity stretches. In both figures, the top graph indicates sarcomere

f i A s : : 2ngth, the middle graph indicates the output of the force—length circuit, and
force in this circuit is overestimated for lengthenings and uiﬁe bottom graph indicates sarcomere force output. The force demonstrates

derestimated for contractions. These errors can be correcte@df¥acteristics of both the force—length and force—velocity relationships.
adjusting the parameters of the circuit.

C. Interaction of Velocity and Length _ _

The final set of experiments investigated the effects of the in- ok s
teraction between the length and velocity on sarcomere force 4
The experimental procedures were similar to the velocity tests 41 \\ ]
We controlled the inpu¥/z . with a decreasing or increasing E‘;@;ﬁ?e
ramp function (representing a constant-velocity contraction ot
a stretch respectively) while holdidg,_ at a constant voltage.
Using an oscilloscope, we measured the output of the bump cir
cuit, V,, and the force of the sarcometig,, .. ook
To better understand what is expected of the data in this sec / \\ Force-Length
tion, we will first reexamine the circuit modél,, only effects 04 /
capacitor voltages in the first bond length. Without the effects  ,| / 1
of the velocity on the bin distribution, the force would merely T . . . . ) .
follow V,,. However, the velocity delay line causes charge to o4 02 03 o4 05 08 07 08 08 1
move out of this first bond length and into the lengthening or Muscle Length
contraction regions wherE, has no effect. Greater velocitiesFid: 13. Force response of soleus in response to a lengthening [1], [7].
. e muscle is stretched far enough to exhibit both velocity and length
cause more charge to move out of the first bond length. Ther:ﬁéracteristics. Dashed line represents the force—length relations of the muscle.
fore, we would expected the force response of low velocity comhe data qualitatively matches the experimental data shown in Fig. 12.

121

Normalized Force

Relationship
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Fig. 14. System of sarcomeres connected in series (sharing the same force) and in parallel (sharing the same total length) to model a whole muscle.

tractions and lengthenings to appear much ke The force Fig. 12(b) demonstrates the effects of length and velocity
response of high velocity contractions and lengthenings showld the force in response to different velocity stretches. Since
appear much like the data shown in Fig. 10. both the length and velocity circuits increase the force under
Fig. 12(a) and (b) present the effects of contractions atitese circumstances, the force output resenibjesore closely
stretches at the rates of 2.21, 2.94, 3.98, 4.37,5.17, and 6.32ti& the contraction data. The force follows the general shape
on the force. The top graph in the figure preselis., the of V,,; however the force is amplified by the velocity circuits.
middle V,,, and the bottong,,... As the length decreases (aHigher velocities, which cause higher steady-state forces, result
contraction),V, also decreases, indicating that bump circuin greater amplification, as shown by curves A, B, C, and D of
is operating on the ascending limb of the force—length relttie force graph. The force amplification is reduced in the highest
tionship. Similarly, when the length increases (a stretéh), velocity stretch (curve E) due to force yielding.
increases, also indicating that the bump circuit is operatingThis data does not seem to be consistent with the single fiber
on the ascending limb. As demonstrated in Fig. 9, the genedalta presented in Fig. 11. However, this biological data was
shape ofV,, does not depend on the velocity, but only théaken over a small length change occurring at the peak of the
length. The force, however, is sensitive to both velocity arfdrce—length relationship, where the force does not change with
length. length. Responses similar to the data shown in Fig. 12 have been
Fig. 12(a) presents the effects of the velocity and lengttemonstrated by Joyce, Rack, and Westbury in whole muscle
mechanisms on the force in response to contractions at differerperiments [7] and are presented in Fig. 13, [1]. When cat
velocities. The region between the dashed lines shows a shswofeus is stretched along the ascending leg of its force—length
decline in the force due to the velocity circuits. This declineelationship (shown as a dashed line), the force increases and
represents the initial transient response of the muscle tdails back to the isometric force mediated by the force—length
contraction. In the region after the second dashed line, tberve. Similarly, when the muscle contracts in this same region,
velocity circuits have reached their steady state, which allowrse force falls below the isometric force and saturates at the new
the length component to become evident for slow velocitieisometric level. The biological data is qualitatively matches the
Note the small curvature of the force in this region as comparegperimental data shown in Fig. 12(b).
to the seady-state force in Fig. 10 (see curves A, B, and C). This
small curvature is due to the length component of the circuit.
At higher velocities (curves D and E), a larger percentage
of the charge is moved out of the first bond length, which We have developed a crossbridge-level model of sarcomere
minimizes the effect o¥/, on the force. Thus, less curvature irbehavior using integrated circuits. By using a discrete form of
the steady-state region is demonstrated. the Huxley equation governing crossbridge interaction, we are

VI. CONCLUSION
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able to approximate its continuous spatial and temporal solu-
tion. By employing a nonlinear bin distribution, we are able to
implement the discrete solution using only sixteen spatial bins.
The output current representing force responds to a change in
sarcomere length (represented as a differential voltage) an
demonstrates many of the nonlinear mechanical characteristics
observed in muscle, such as short-range stiffness, yielding
and the subtle interactions between length and velocity.[g]
These nonlinear characteristics would be difficult to produce[4]
without basing the model upon the underlying mechanisms
governing crossbridge interaction. Thus, the implementation[sl
is a real-time model that produces biomorphic characteristics.
Due to the ability of the model to simulate sarcomere behavior
in real-time, it can be used in engineering systems to add®!
biological properties to a standard linear actuator, producing
a biomorphic actuator. Such an actuator, by producing a forcd
that demonstrated the flexibility and complexities inherent
in biological muscle, could be used in applications such asig
prosthetics and autonomous robotics.

To examine the efficiency of our analog model, we simulated (9]
Huxley’'s model with the same discrete, 16-bin nonlinear grid10]
using a real-time digital emulation board driven by a DSP. This
model achieved real-time behavior as well, running at a maxp; 4
imum speed of 1 kHz. The algorithm required approximately
4 MIPs. Assuming that the processor requires 1 mW for ever
20 MIPs, the DSP processor would require approximatel
200 pW to run the algorithm. Our analog implementation,
running in the subthreshold regime, requires approximatelyt3]
0.5 uW. These numbers suggest that the analog controller of
a prosthetic or autonomous robot would run three orders ofi4]
magnitude longer than a traditional DSP solution on the same
power supply. The advantages of the analog model are further
demonstrated when developing a model of a whole muscle. As
shown in Fig. 1, muscles are comprised of many sarcomeres in
series and parallel that interact with one another. The analog
circuit model sarcomere may be implemented easily into an
array, as shown in Fig. 14, to produce a whole muscle model.
This type of model can be used to study the effects of low-levi
mechanics on the force characteristics of a highly parall¢
distributed actuator, as well as providing insight into the effec
of muscle architecture on biological motor control. While
the DSP may have difficulty emulating 100 or 1000 of thes
sarcomere models in real time, the parallel nature of the ana|
model allows this type of scaling to occur with ease. Using
0.18-um process, 100 sarcomere models could be placed
a 7-mn? die and 1000 sarcomere models could be placed in
a 1-cn? die. Thus, such a highly parallel model of muscle is
feasible using today’s technology.

12]
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