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The agential realist elaboration of B
ohr's philosophy-physics that I offer 

takes m
any of B

ohr's insights seriously w
hile m

aking explicit the im
plicit 

ontological dim
ensions of his theory and m

oving these insights aw
ay from

 
their hum

anist grounding. D
espite im

portant differences betw
een them

, 
Einstein and B

ohr share a beliefin hum
anism

. H
ow

ever, hum
anism

 is based 
on ontological and epistem

ological presuppositions that are challenged by 
the quantum

 theory. Einstein w
ants the hum

an observer rem
oved from

 the 
system

 of interest w
hile B

ohr insists on the constitutive role of the hum
an 

observer in m
easurem

ent observations, but both presum
e that the notion of 

the "hum
an" is a w

ell-defined concept that refers to an individually determ
i-

nate entity w
ith inherent properties, like the ability to engage in cognitive 

functions that m
ake the universe intelligible. This presupposition has been 

an obstacle to resolving som
e of the long-standing foundational problem

s 
in the quantum

 theory, such as the Schrodinger cat paradox, the EPR para-
dox, and the m

easurem
ent problem

. A
gential realism

 resolves these issues 
in a w

ay that is consistent w
ith recent theoretical and experim

ental develop-
m

ents. Like other recent interpretations ofthe quantum
 theory, it is based on 

a relational ontology. :2
7

 

The agential realist account does not position hum
an concepts, hum

an 
know

ledge, or laboratory contrivances as foundational elem
ents of the quan-

tum
 theory. O

n the contrary, rather than giving hum
ans privileged status in 

the theory, agential realism
 calls on the theory to account for the intra-active 

em
ergence of "hum

ans" as a specifically differentiated phenom
ena, that is, 

as specific configurations of the differential becom
ing of the w

orld, am
ong 

other physical system
s. Intra-actions are not the result of hum

an interven-
tions; rather, "hum

ans" them
selves em

erge through specific intra-actions. 
A

nd m
easurem

ents are not m
ere laboratory m

anipU
lations but causal intra-

actions of the w
orld in its differential becom

ing. This m
eans that quantum

 
theory has som

ething to say about the ontology of the w
orld, of that w

orld of 
w

hich w
e are a part-not as spectator, not as pure cause, not as m

ere effect. 
H

um
anism

 takes the hum
an to be exceptional. M

y posthum
anist elaboration 

of B
ohr's account understands the hum

an not as a supplem
ental system

 
around w

hich the theory revolves but as a natural phenom
enon that needs to 

be accounted forw
ithin the term

s of this relational ontology. This conception 
honors B

ohr's deeply naturalist insight that quantum
 physics requires us to 

take account of the fact that w
e are part of that nature w

hich w
e seek to 

understand. 

E
IG

H
T

 

Because believing a thing's true 
can bri ng about that truth, 

The O
ntology of Knowi ng, 

the I ntra-activity of Becom
 i ng, 

and the Ethics of M
attering 

and you m
ight be the shy one, lizard or electron, 

know
n only through advances 

presum
ing your existence, let m

y glance be passional 
tow

ard the universe and you. 

-F
R

O
M

 A
L

IC
E

 F
U

L
T

O
N

, "Cascade Experim
ent" 

Believing som
ething is true doesn't m

ake it true. But phenom
ena-w

hether 
lizards, electrons, or hum

ans-exist only as a result of, and as part of, the 
w

orld's ongoing intra-activity, its dynam
ic and contingent differentiation 

into specific relationalities. "W
e hum

ans" don't m
ake it so, not by dint of 

our ow
n w

ill, and not on our ow
n. B

ut through our advances, w
e participate 

in bringing forth the w
orld in its specificity, including ourselves. W

e have to 
m

eet the universe halfW
ay, to m

ove tow
ard w

hat m
ay com

e to be in w
ays that 

are accountable for our part in the w
orld's differential becom

ing. A
ll real 

living is m
eeting.' A

nd each m
eeting m

atters. 
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I n the great futu re-w
e can arrange the atom

s the way we w
ant; the very 

atoms, all the way dow
n! 

-
F E

Y
N

 M
A

N
, "There's Plenty of Room

 at the Bottom
" 

A
tom

s aren't w
hat they used to be. They aren't invisible, indivisible, im

m
u-

table, im
penetrable corpuscles running aim

lessly in the void, constituting 
the sum

 total of existence; nor are they sim
ply representative fictions, useful 

heuristics, or m
ere bookkeeping devices. O

ur evidence for the existence of 
atom

s is m
U

ltiple and robust, but it doesn't vindicate D
em

ocritus (nor any of 
the atom

ists up through the nineteenth century). N
either D

em
ocritus's atom

 
nor his notion of realness, for that m

atter, survives today. A
tom

s have defied 



...-r 1'1 

!"'!'" 
ji,!, 
Iii 1[', 1.,1 

'.lli , 

I' , I 'I' 
',,'I,' " 

:,1, 

3
5

4
 

E N
T

A
N

 G
L

E
M

 E N
T

S
 

A
N

 D
 

R
E

(C
O

 N
) F

IG
U

R
A

T
IO

 N
 S 

their inherited nam
e-refusing the interpellative call of the m

echanistic 
w

orldview
. They sim

ply aren't "uncuttable" little objects. A
nd as for the 

fam
ous void, w

ell, it isn't all that is w
as supposed to be (or not be), either. 

A
ccording to quantum

 field theory, the vacuum
 is far from

 em
pty; indeed, 

it's teem
ing w

ith the full set of possibilities of w
hat m

ay com
e to be. M

atter 
is regularly created and destroyed. A

nd the zoo of subatom
ic particles-

including electrons, quarks, positrons, antiquarks, neutrinos, pions, glu-
ons, and photons-isn't com

prised of sim
ple individual objects occupying 

specific positions in the vacuum
 w

e call space and tim
e: not only is the very 

idea that they take up determ
inate positions in space not to be taken for 

granted, but part of their very nature seem
s to be w

rapped up in the bubbling 
sea of possibilities that w

as to be but an inert backdrop for m
atter's passage. 

It's an ironic tw
ist of history that the idea of an atom

, proposed and adored 
throughout tim

e for its sim
plicity (reducing diversity to order), is yielding 

such an intricate understanding of the nature of m
atter. It seem

s that the 
m

ore fantastic our im
age of m

atter becom
es, the m

ore real it becom
es (and 

vice versa). 
As late as the end of the nineteenth century, m

any physicists w
ere anti-

realists in their stance tow
ard atom

s. A
tom

s w
ere com

m
only held to be 

heuristic fictions, not bits of m
atter. Today scientists have no doubt that 

atom
s are real. N

ot only do w
e have the m

eans to "see" individual atom
s, but 

w
e can pick them

 up, one at a tim
e, and m

ove them
. A

tom
ists as m

uch as 
anti-atom

ists of yesteryear w
ould no doubt be astonished by the technologi-

cal feats w
e now

 regularly perform
. D

em
ocritus's atom

 is not N
ew

ton's is 
not D

alton's is not B
oltzm

ann's is not Einstein'S is not R
utherford's is not 

B
ohr's is not Feynm

an's. B
ut this is not sim

ply to say that the earlier im
ages 

w
ere w

rong and w
e know

 better now
, or that atom

s are but social constructs 
that change as our ideas change. There's a m

uch m
ore interesting, and 

arguably m
ore accurate, story to tell about this statem

ent than either the 
naive realist account or the social constructivist account suggests. N

ot only 
has our im

age of the atom
 changed, but our practices of im

aging and im
ag-

ining and intra-acting w
ith them

 have changed, and so have w
e. 

D
uring a M

orninn Edition program
 in the sum

m
er of 199 6, the N

ational 
Public R

adio reporter D
an C

harles pays a visit to the laboratory of the physi-
cist D

on Bigler at IBM
'S A

lm
aden R

esearch C
enter in the hills above San 

Jose, C
alifornia. C

harles sits dow
n in front of a com

puter m
onitor and sets 

the stage for his audience as Bigler prepares to perform
 a m

aneuver at once 

of m
inute and gargantuan proportions:
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Dan Charles: The equipm
ent Bigler has rigged up m

akes this seem
 sim

ple, a lot 
less com

plicated, really, than your standard video gam
e. All he has to do is sit 

dow
n at his com

puter screen and go to w
ork w

ith the com
puter's m

ouse. 
But this is no video gam

e. O
ff in a different room

, in a super-cooled 
vacuum

 cham
ber shielded from

 heat and vibration, Bigler is m
aking a sm

all 
change in the physical w

orld, the m
ost m

inute change possible. 
Don Einler: IBM

 scientist on a pow
er trip here. I'm

 going to m
ove an atom

. 

If you w
ant to pick up a single atom

, you need a very sm
all pair of 

tw
eezers, one that's on the scale of the object you w

ant to m
ove. The tool 

that Bigler uses is a scanning tunneling m
icroscope (STM

) that has a special 
m

icroscope tip that is so sharp there is only a single atom
 at the end ofit, just 

the right scale for either "sensing" or "grabbing" hold of an individual 
atom

. 3 W
ith a few

 clicks of the com
puter m

ouse, Bigler m
aneuvers the STM

 
tip so close to a gadolinium

 atom
 sitting on the surface of a piece of niobium

 
that it begins to bond w

ith the gadolinium
 atom

. H
e m

oves the tip sidew
ays, 

pulling the gadolinium
 atom

 across the niobium
 surface to a new

 location, 
and then pulls the tip back, releasing the atom

.4 The listening audience is 
treated to a sonic display of the single-atom

 m
anipulation, courtesy of Eig-

ler's clever connection of the STM
 to a stereo that converts the strength of 

the "tunneling current" (used to sense the presence of an individual atom
) to 

an audible tone:
5 

Don Eigler: OK, if you click on the left m
ouse button once, and w

e're out of the 
scanning m

ode. [sound of hum
] See this little-an ounce of violet cursor 

here? That's w
here the tip is. 

O
h, this is w

hat's really cool. W
atch this. W

e're going to m
ove to this 

atom
. [hum

 increases] H
ear the frequency go up a little bit right there? D

ow
n. 

Up. That's a tip riding up on top of the atom
, and w

hen the tip goes up, the 
sound goes up, the frequency goes up. N

ow
 com

es the fun. 
[hum

 increases; sound of thum
ps] Ah, that w

as great. Bvery one of those 
thunks w

as the atom
 jum

ping from
 unit cell to unit cell across the surface, 

m
oving roughly one atom

ic diam
eter, and look, there it is-w

e m
oved it. 

The proof is in the hearing. D
uring the sidew

ays tug of the gadolinium
 

atom
 across the niobium

 surface, the audience hears distinct "thunks" as 
the atom

 is pulled across the unit cell structure form
ed by the spaces be-

tw
een the niobium

 atom
s on the surface: that is, one can hear the atom

 
being m

oved. 
Then the N

 P R
 reporter D

an C
harles is given a turn: 
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Don Eigler: OK, now
 you're going to press and hold dow

n the left m
ouse 

button. [sound of thum
p] You've got it. Try m

oving the m
ouse, holding the 

button dow
n. [sound of thum

ps] OK. Y
ou've got the atom

 stuck over here on 
a step edge. That's OK. Let go. O

h, you still have it. Let go. See w
hat happens. 

Sound of thum
p 

Dan Charles: There it is. 
Don Eigler: W

hat you really need to see right now
 is the look on your face w

hen 
you w

ere m
oving an atom

, and w
hat you experienced w

hile you w
ere doing 

that is som
ething that w

e experience also. It is the enorm
ity of w

hat you're 
actually doing, of just taking an atom

 and putting it w
here you w

ant to go. 
Y

ou're conttolling the sttucture of m
atter on the atom

ic level. 

The interview
 w

ith Eigler w
as the last installm

ent in a three-part series on 
nanotechnology, and for those in the know

, there w
as little surprise that 

Eigler w
as an honored guest.

6 

D
on Eigler's fam

e as a nanotechnologist grow
s out of this rem

arkable 
discovery. Eigler and his colleague Erhard Schw

eizer reported their finding 
in an A

pril I990 issue of the journal Nature, w
here they dram

atically dis-
played their achievem

ent by using their STM
 to produce the w

orld's sm
allest 

logo built from
 individual atom

s (Eigler and Schw
eizer I990). N

o one w
ho 

has seen their im
age is likely to forget their institutional affiliation (see 

figure 3 0).' 
In rearranging a few

 atom
s on a surface, Eigler reconfigures our im

agina-
tions and the m

aterial possibilities for im
aging, w

hile undergoing his ow
n 

set of transform
ations. A

 first-order phase change takes place as he is 
rapidly transform

ed into a new
 kind of expert-a nanotechnologist. Indeed, 

for som
e, he has becom

e the em
blem

atic nanotechnologist. A
nd w

hile nearly 
everyone in the nanotechnology business seem

s to have his or her ow
n 

favorite prom
ising candidate for how

 the future w
ill be built, it is not at all 

surprising that Eigler's w
ork sparked the im

m
ediate interest of nanotech-

nology enthusiasts w
ho predict that hum

ankind w
ill be building m

achines 
and tools out of assem

blages of individual atom
s or m

olecules in the not-
too-distant future. Eigler is a prim

e contributor to this stage of the new
 

revolution, a fact that he explicitly acknow
ledges: "For decades, the elec-

tronics industry has been facing the challenge of how
 to build sm

aller and 
sm

aller structures. For those of us w
ho w

ill now
 be using individual atom

s 
as building blocks, the challenge w

ill be how
 to build up structures atom

 by 
atom

."8 The key to this future is not representing but intervening: not sim
ply 

the im
aging of atom

s, but the ability to m
anipulate them

. 
The philosopher Ian H

acking's m
anipulability criterion for the reality of 
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The world's sm
allest logo, m

ade out 
of thirty-five xenon atom

s. A sim
ilar 

im
age, appropriately colored blue 

and titled "The Beginning," can be 
found in the IBM

 STM
 im

age gallery. 
This is now just one of many im

ages 
of atom

 arrangem
ents created with 

a scanning tunneling m
icroscope 

(see, for exam
ple, the IBM

 STM
 im-

age gallery on thei r website). Re-
printed with permission of IB

M
 Research, A/-

maden Research Center. 

atom
s seem

s at once on the m
ark and already dated by new

 technological 
advances. Recall that H

acking argues that w
hile scientists need not take the 

objects of their investigations to be real, they have no choice but to believe in 
the reality of the tools that they use to m

anipulate objects: "Experim
enting 

on an entity does not com
m

it you to believing that it exists. O
nly m

anipulating 
an entity, in order to experim

ent on som
ething else, need do that" (H

acking 
I9 83, 263).9 B

ut the exam
ple of atom

 m
anipulation by an STM

 m
akes H

ack-
ing's claim

s for entity realism
 seem

 far too tim
id. W

hat w
ould be the justifi-

cation, in this case, for any less confidence in the reality of the objects as 
opposed to the tools used to m

anipulate them
? M

ore to the point, w
hat this 

exam
ple brings to the fore is the need to call into question the determ

inate 
category designations of "tools" and "objects" that H

acking's form
ulation 

assum
es. Indeed, the lack of a fixed object-apparatus distinction is key to 

Eigler's group's ability to m
anipulate atom

s. 
A

ccording to Eigler, "A
tom

 m
anipulation cam

e about alm
ost by accident" 

(I999, 430). Encountering som
e "unusual streaks" across the STM

 im
ages 

they w
ere producing, Eigler and Schw

eizer decided to investigate. They 
found that the presence of the streaks w

as related to the operation of the 
m

icroscope. If they brought the tip of the m
icroscope sufficiently close to the 

sam
ple, then streaks w

ould appear. Eigler says that "this im
m

ediately sug-
gested that w

e could use the tip to control the position" of the individual 
atom

s (43I), and so they set out to do just that: 

Trying out our ideas required m
odifications to the softw

are w
e used to oper-

ate the m
icroscope. W

ithin a day the necessary m
odifications w

ere m
ade. 

These m
odifications allow

ed us to sw
itch from

 an im
aging m

ode w
here the 
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tip executed a raster scan of the surface, to a m
ode in w

hich we could m
ove 

the tip of the m
icroscope along any desired path across the surface, and w

ith 
a tunnel current different from

 that used for im
aging. W

ith these m
odifica-

tions in place, I began by im
aging an isolated xenon atom

 w
hich w

as bound 
to a defect site on the platinum

 surface. I then stopped im
aging, m

oved the 
tip directly over the xenon atom

, increased the m
agnitude of the tunneling 

current in order to bring the tip a little closer to the xenon atom
, and then I 

had the com
puter m

ove the tip from
 the location w

here the xenon atom
 

originally w
as to a new

 location not too far away. O
nce the tip reached the 

new
 location, I reduced the m

agnitude of the tunnel current in order to 
increase the separation betw

een the tip and the xenon atom
 and thus return to 

the im
aging m

ode. N
ext, I re-im

aged the surface to find that the xenon atom
 

had been successfully m
oved to the location of m

y choice. I then repeated the 
sam

e experim
ent four tim

es, and it w
orked each tim

e. W
ith this xenon atom

, 
the m

ilestone w
as achieved. (431-32) 

Sw
itching back and forth betw

een im
aging and m

anipulation m
odes, Eigler 

and Schw
eizer w

ere able to both m
ove individual atom

s and dem
onstrate 

that that w
as in fact w

hat they w
ere doing (see figure 31). That is, in the 

hands ofEigler and Schw
eizer, the ST

M
 becam

e a device for m
oving and for 

proving, for "intervening" and "representing" (to use H
acking's old term

s). 
Significantly, im

aging and m
anipulating are com

plem
entary, that is, m

u-
tually exclusive m

odes of operation. In im
aging m

ode, the "adatom
" (in this 

case the xenon atom
) is part of the surface being im

aged (i.e., the object); 
w

hereas in m
anipulation m

ode, the "adatom
" becom

es part of the m
icro-

scope tip (i.e., the agencies of observation). In fact, in the tim
e-honored 

tradition of enlisting the sense of sight (and its lim
its) as a m

etaphor for 
know

ing, Eigler invokes the w
ell-w

orn exam
ple of the blind person w

ith a 
cane to help convey the "haptic" sense of know

ing that com
es from

 operat-
ing an S

T
M

. 1
0

 O
n Eigler's reckoning, S

T
M

 im
aging is akin to the practice of 

"cane traveling," the skillful practice a blind person uses to "see" or grasp 
the terrain. This is rem

iniscent of the exam
ple B

ohr uses to help a general 
audience understand com

plem
entarity and M

edeau-Ponty uses to describe 
the nature of em

bodim
ent (see discussion in chapter 4). Recall that B

ohr's 
discussion focuses on tw

o possible com
plem

entary practices: on the one 
hand, the m

an can hold the cane tightly so that it functions as an instrum
ent 

of observation (an extension of the person trying to negotiate the room
); on 

the other hand, he can hold it loosely so that it becom
es an object of observa-

tion. 11 The cane is neither inherently part of the object nor the agencies of 
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I m
agi ng M

ode 
M

anipulation M
ode 

••••• 1. •••• 
surface 

surface 

Eigler and his colleagues reconfigured the STM
 so that they could sw

itch back and forth 
betw

een "im
aging m

ode" (left) and "m
anipulation m

ode" (right) by changing the tunnel-
ing current. In im

aging m
ode, the adatom

 sits on the surface and is im
aged by the STM

. In 
m

anipulation m
ode, the tunneling current betw

een the adatom
 and the tip is increased, 

and the tip is used to m
ove the adatom

 along the surface. Illustration by Nicolle Rager Fullerforthe 
author. 

observation. The line betw
een subject and object is not fixed and it does not 

preexist particular practices of their engagem
ent, but neither is it arbitrary. 

R
ather, object and subject em

erge through and as part of the specific nature 
of the m

aterial practices that are enacted. 12 

For Bohr, the relation betw
een know

er and know
n is m

uch m
ore intim

ate 
than either the notion of intervention or even the shift from

 sight to touch 
suggests: distance is not a prerequisite for objectivity, and even the notion of 
proxim

ity takes separation too literally. B
ohr argues that quantum

 physics 
teaches us that the belief in an inherent fixed C

artesian distinction betw
een 

subject and object is an unfounded prejudice of the classical w
oddview

, and 
that the acknow

ledgm
ent of the inherent indeterm

inacy of object and appa-
ratus, the m

aterial resolution of the indeterm
inacy, and the inseparability of 

their relation as it is m
aterially enacted constitute the very possibility for 

understanding quantum
 phenom

ena objectively. H
acking's notion of inter-

vening sim
ply doesn't cut it. A

gainst H
acking's "D

on't just peer, interfere," 
an alternative m

otto m
ight be "N

ot sim
ply intervene, enact the betw

een." 
Intra-acting, not m

erely intervening, is entailed in both experim
ental and 

theoretical practices. 

W
hat could be a m

ore com
pelling em

blem
 of the trium

ph of the scientific 
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enterprise and its claim
s to scientific realism

 than the w
orld's sm

allest 
corporate logo? Indeed, on the surface, the m

ini-IB
M

 logo appears to be 
nothing less than the m

ost literal incarnation im
aginable of representa-

tionalism
's claim

 of the one-to-one correspondence betw
een w

ords and 
things-the logos m

ade flesh in its m
ost base form

, as if the result of som
e 

youthful naIvete that has m
istaken the m

etaphoric for the literal. A
rguably, 

how
ever, this im

age m
arks the lim

its, rather than the confirm
ation, of this 

belief system
. As one reporter com

m
enting on one of Eigler's im

ages aptly 
notes: "O

ne alm
ost could envision the cursive w

riting of R
ene M

agritte 
under the im

age: 'C
eci n'est pas un atom

.' "1
3

 As w
ith M

agritte's fam
ous 

painting Ceci n'est pas une pipe, the point is not that it really isn't a pipe but only 
a representation of a pipe, but rather that representations do not sim

ply refer 
in w

ays that w
e have com

e to expect, that in fact the entire question of 
referentiality seem

s to have lost its self-evidentiary nature and givenness has 
lost its transparency, and w

e can no longer see our w
ay through the gam

e of 
sm

oke of m
irrors that representationalism

 has becom
e. Like a good m

agi-
cian, representationalism

 w
ould have us focus on w

hat seem
s to be evidently 

given, hiding the very practices that produce the illusion of givenness. 
A

lthough the STM
 im

ages in the IBM
 gallery w

ere created at tem
pera-

tures near absolute zero so that the atom
s placed in specific locations stick to 

the surface (and to our im
aginations) "like little refrigerator m

agnets," they 
are not snapshots of preexisting things frozen in tim

e-caught in the act as it 
w

ere-but rather condensations of m
U

ltiple m
aterial practices across space 

and tim
e. R

eading the phenom
ena-the difference patterns through w

hich 
space, tim

e, and m
atter com

e to be-including all the various apparatuses 
that help produce the illusion of the self-evidentiary nature of "the given" 
allow

s the frozen im
ages to thaw

 out and the subject m
atter to com

e alive. 
The entangled sets of practices that go into m

aking these im
ages include: 

STM
 m

icroscopes and practices of m
icroscopy, the history of m

icroscopy, 
scientific and technological advances m

ade possible by scanning tunneling 
m

icroscopes, the quantum
 theory of tunneling, m

aterial sciences, IBM
'S 

corporate resources and research and developm
ent practices, scientific curi-

osity and im
agination, scientific and cultural hopes for the m

anipulability of 
individual atom

s, Feynm
an's dream

 ofnanotechnologies, cultural iconogra-
phy, capitalist m

odes of producing desires, advertising, the production and 
public recognition of corporate logos, the history of the atom

, the assum
p-

tion of m
etaphysical individualism

, com
plex sets of visualizing and reading 

practices that m
ake such im

ages intelligible as pictures of w
ords and things, 

and the intertw
ined histories of representationalism

 and scientific practice. 
A

nd this is m
erely an abbreviated list that doesn't even scratch the surface 
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w
hen it com

es to the kinds of genealogies that are needed to give an objec-
tive accounting of the m

icrograph. This is not to say that each particular 
scientific practice includes everything under the sun, but rather "only every-
thing relevantly interrelated" (R

ouse 2
0

0
2

, 2
8

3
). W

hat is required is a joint 
effort that relies on m

ultiple form
s of literacy to m

ake explicit the different 
apparatuses that are a part of the phenom

enon being investigated (see B
arad 

2
0

0
0

). 

In m
y agential realist account, scientific practices do not reveal w

hat is 
already there; rather, w

hat is "disclosed" is the effect of the intra-active 
engagem

ents of our participation w
ith I in and as part of the w

orld's differen-
tial becom

ing. W
hich is not to say that hum

ans are the condition of possibility 
for the existence of phenom

ena. Phenom
ena do not require cognizing m

inds 
for their existence; on the contrary, "m

inds" are them
selves m

aterial phe-
nom

ena that em
erge through specific intra-actions. Phenom

ena are real 
m

aterial beings. W
hat is m

ade m
anifest through technoscientific practices is 

an expression of the objective existence of particular m
aterial phenom

ena. 
This is, after all, a realist conception of scientific practices. B

ut unlike in 
traditional conceptions of realism

, "objectivity" is not preexistence (in the 
ontological sense) or the preexistent m

ade m
anifest to the cognitive m

ind (in 
the epistem

ological sense). O
bjectivity is a m

atter of accountability for w
hat 

m
ateriilJizes, for w

hat com
es to be. It m

atters w
hich cuts are enacted: dif-

ferent cuts enact different m
aterialized becom

ings. 14 

O
nce it becom

es feasible to m
anipulate individual atom

s, the possibilities 
for m

aking new
 configurations of atom

s open out before us. In fall 2
0

0
2

, 

D
on Eigler w

as back on N
ational Public R

adio talking about his lab's latest 
achievem

ent. Ira Flatow
, N

P
R

 science correspondent and host of Talk of the 
N

ation: Science Friday, sets the stage: 15 

Ira Flotow: H
ow

 sm
all can com

puters get? Just about every com
puter chip 

m
aker is trying to shrink their chips or to pack m

ore pow
er into the sam

e size 
space, and last w

eek in the online edition of the journal Science, researchers at 
I B

M
 reported that they have built w

hat they're calling the sm
allest com

puter 
chip circuit yet-one bil ... one trillionth, that's one trillionth of a square 
inch-and to get it that sm

all they had to m
ake it out ofindividual m

olecules. 
N

ow
 the device is slow

, it's im
practical, but it can perform

 som
e of the basic 

operations for com
puting and it does it in a space about 2

6
0

,0
0

0
 tim

es 
sm

aller than the m
ost advanced silicon chips.16 

Eigler explains that they are able to build operating logical circuits using a 
"m

olecule cascade," w
hich they set up and initiate w

ith their STM
. 17 The 

analogy he draw
s is to the fam

iliar cascading of dom
inoes: 
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Don Eigler: "[It's] like playing w
ith dom

inoes. You can im
agine how

 you can 
set up a row

 of dom
inoes and then w

hen you topple an initial dom
ino it 

causes the w
hole chain of dom

inoes to fall over sequentially. W
e've done 

som
ething just like that, but im

agine instead of som
ething as large as a 

dom
ino, that the dom

ino is m
ade up out of, in our case, just tw

o atom
s 

form
ing a carbon m

onoxide m
olecule. A

nd then by laying out the carbon 
m

onoxide m
olecules we can topple the first one sort of by hand, w

ith the best 
hand we have that let's us interact w

ith atom
s, and then away it goes ... 

The "dom
inoes" are set up and the "topple" is initiated using the IB

M
 

researcher's "set of hands to the w
orld of atom

s and m
olecules"-a scan-

ning tunneling m
icroscope. 

Taking in this latest developm
ent, one gets the distinct im

pression that 
this "cascade" experim

ent is not only a m
iniature m

echanism
 for m

aking 
com

puters on a scale that m
ay soon leave silicon technologies in the dust, 

but also a m
etaphor for the increasingly rapid developm

ent of nanotechnol-
ogies that aw

aits us. B
ut m

atter and m
eaning, the literal and the figurative, 

are never as separate as w
e like to pretend, and therefore no argum

ent w
ill be 

able to arrest the expanding public sentim
ent that the cascade experim

ent is 
m

uch m
ore than a m

etaphor, that the tiniest changes, rearrangem
ents in the 

configurations of atom
s, hold the literal potential to tunnel across different 

scales of space, econom
y, and im

agination, that they m
ay initiate a chain 

reactiori in the not-too-distant future that w
ill fan out and explode into a 

host of new
 technologies and reorganizations of pow

er connecting the m
ost 

m
inute to the m

ost gargantuan. N
anotechnologies have been characterized 

by the refrain that anything that already exists on the horizon of our im
agi-

nations is already too lim
ited a projection of the new

 sciences' potential. If 
Foucault is correct in his assessm

ent that pow
er operates through the spe-

cific constitution of bodies and subjectivities, then nanotechnologies have 
the potential to reconfigure the m

ateriality of our being all the w
ay dow

n to 
the very atom

s of existence, and beyond, to a point w
here individuality is 

itself undone by the specific entanglem
ents of becom

ing that transcend the 
distinctions betw

een bios and technics, organic and inorganic, artificial and 
natural, m

ind and body. Foucault's "m
icrophysics of pow

er" w
ould not 

sim
ply be operative at the scale of individual atom

s; scale itself w
ould be 

iteratively reconstituted as spacetim
em

atter is reconfigured. 
"N

anoQ
uebec," a C

anadian nonprofit organization com
m

itted to the 
developm

ent and com
m

ercial application of nanotechnologies, is but one of 
a grow

ing num
ber of appellations that visually perform

 a society's invest-
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m
ent in re(con)figuring econom

ies of scale, from
 the m

inute to the global. 
N

ot only are nation-states w
illing to consider reconstituting them

selves in 
alignm

ent w
ith atom

ic reconfigurings, but no scale seem
s too large or sm

all 
to conquer. A

erospace engineers, for one, are cham
ping at the bit to learn 

from
 M

other N
ature her secrets to m

olecular design that w
ill enable m

a-
chines to sense their environm

ents, reproduce and disperse them
selves, and 

. carry out self-tepair and regeneration, expanding the frontiers of exploration 
w

ell beyond our solar system
. M

achines w
ill generate new

 life; life w
ill be 

rew
orked. The nanoscale is the scale oflife processes, and the com

bination 
of com

putational nanotechnology and bio-nanotechnology foretells the 
possibilities of neuroelectronic interfaces that use nanodevices to join com

-
puters to the hum

an nervous system
. W

ith one hand on a com
puter m

ouse 
and an eye to the future, not only do w

e m
ake changes to configurations of 

individual atom
s, but the very nature of w

ho "w
e" are begins to shift. O

ur 
im

aginations, bodies, desires, organizational structures of research and in-
vestm

ent, and m
uch m

ore quake w
ith the expectation of the im

pending 
"nano-tsunam

i" that portends im
m

ense changes to life on earth and be-
yond. "The econom

ic potential [alone] of this new
 field of activity is dizzy-

ing. Studies estim
ate that the w

orld nanotechnology annual m
arket could 

reach m
ore than a trillion dollars w

ithin tw
elve years. "18 

A
lready the potential of these new

 developm
ents is generating new

 inter-
nation'al and transnational configurations of university, industry, and govern-
m

ent laboratories. K
now

ledge and product m
aking are being reconfigured. 

The authors of a popular book on nanotechnology note that the "fusion of 
interdisciplinary know

ledge com
ing together at the nanoscale w

ill be one of 
the great benefits nanoscientists w

ill introduce into our lives."19 Those w
ho 

w
ould offer a requiem

 for physics w
hile touting the new

 suprem
acy of the 

biological disciplines have failed to appreciate the transdisciplinary netw
orks 

of know
ledge and product m

aking-transcending the divisions betw
een 

physical, biological, and engineering disciplines-that are being (re)config-
ured at a pace that hum

anities proponents oftransdisciplinarity only dream
 

about. The N
ational N

anotechnology Initiative (N
 N

 I) w
ebsite already boasts 

dozens of nanotechnology centers sponsored by the N
ational A

eronautics 
and Space A

dm
inistration (N

A
SA

), the N
ational Science Foundation, the 

D
epartm

ent of D
efense, and the N

aval R
esearch Laboratories. 

It appears that the branching chain reaction has already been initiated 
and that ethical, legal, and social considerations seem

 destined to be forever 
behind the curve of cascading technological advances. B

ut there is m
ore to 

causality than the runaw
ay scenario that unfolds in determ

inistic fashion. 
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D
om

inoes are surely not w
hat A

lice Fulton had in m
ind in her poem

 "C
as-

cade Experim
ent," w

ith its ethico-onto-epistem
ic attention to our respon-

sibilities not only for w
hat w

e know
 but for w

hat m
ay com

e to be. A
 cascade 

in Fulton's sense is not a serial chain of consequences, an inevitability set in 
m

otion by som
e initial act, but an iterative reconfiguring of possibilities 

entailed in our passional advances tow
ard the universe. 
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Silently and efficiently, the new
 team

 m
em

bertoils aw
ay in a chem

istry lab at 
the U

niversity of California at Santa Barbara. W
ith perfect precision, she lays 

dow
n an ultrathin layer of an organic substrate. O

nto this, she deposits 
interlocking calcite crystals, atom

 by atom
. The tw

o layers bond into a deli-
cate crystal lattice. U

nder a m
icroscope, it calls to m

ind the flaw
less thin-film

 
layers on a silicon chip. 

But there is no clean room
, vacuum

 cham
ber, or chip gear in this lab, 

w
here professors G

alen D. Stucky and D
aniel E. M

orse brainstorm
 new

 m
ate-

rials. For that m
atter, the "team

 m
em

ber" is no ordinary staff researcher. 
She's a m

ollusk-an abalone. And like so m
any of nature's creations, she has 

acquired, through m
illions of years ofevolution, an exquisite form

 ofm
olecu-

lar m
achinery to create her shell-m

achinery that leaves today's best fabrica-
tion tools in the dust. 

-N
E

IL
 G

R
O

S
S

 A
N

D
 O

T
IS

 P
O

R
T

, "The N
ext W

ave for Technology" 

"The only true nanotechnologist today is M
other N

ature," explains M
ichael 

R
oukes, a C

alifornia Institute of Technology physics professor, "but slow
ly 

hum
ans are learning to m

im
ic her handiw

ork. "2
0

 

In her 1997 book entitled Biom
im

icry: Innovation Inspired by N
ature, the 

nature w
riter and 

Benyus nam
es "an em

erging disci-
pline that seeks sustainable solutions by em

ulating nature's designs and 
processes."21 A

ccording to B
enyus, biom

im
icry m

arks the beginning of a 
new

 postindustrial era: "U
nlike the Industrial R

evolution, the B
iom

im
icry 

R
evolution introduces an era based not on w

hat w
e can extract from

 nature, 
but on w

hat w
e can learn from

 her." Benyus has received several aw
ards, 

including the R
achel C

arson Environm
ental Ethics A

w
ard. She is the co-

founder of the B
iom

im
icry G

uild, w
hich brings biologists, industrialists, 

inventors, and designers to the draw
ing board, teaching clients that include 

N
ike, H

ew
lett-Packard, and N

ovell to draw
 inspiration from

 nature to solve 
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hum
an problem

s. B
iom

im
icry is being hailed as nothing less than an answ

er 
to R

achel C
arson's Silent Spring, but even biom

im
icry's strongest propo-

nents, Benyus included, acknow
ledge that, like other technologies, it w

ill 
not necessarily be spared the dangers of m

isuse and abuse: 

Biom
im

ics develop a high degree of aw
e, bordering on reverence. N

ow
 that 

they see w
hat nature is truly capable of, nature-inspired innovations seem

 like 
a hand up out of the abyss. As w

e reach up to them
, how

ever, I can't help but 
w

onder how
 w

e w
ill use these new

 designs and processes. W
hat w

ill m
ake 

the Biom
im

icry Revolution any different from
 the Industrial Revolution? 

W
ho's to say w

e w
on't sim

ply steal nature's thunder and use it in the ongoing 
cam

paign against life? 
This is not an idle w

orry. The last really fam
ous biom

im
etic invention w

as 
the airplane (the W

right brothers w
atched vultures to learn the nuances of 

drag and lift). W
e flew

 like a bird for the first tim
e in 1903, and by 1914, w

e 
w

ere dropping bom
bs from

 the sky. CBenyus 1997) 

M
im

icry is the highest form
 of flattery, or so the saying goes. Perhaps this 

fam
iliar adage provides a clue to w

hy biotech com
panies m

ight be interested 
in biom

im
esis, not only as a m

ethod but as cam
ouflage against the prying 

eyes of w
ould-be critics. Som

e biotech com
panies have already enlisted 

biom
im

esis in their attem
pts to hoist them

selves above the m
urky pool of 

ethical, legal, and social concerns, posing as benign inventors, if not dow
n-

right all-natural M
other N

ature-loving sustainability advocates. C
am

ou-
flage, of course, is nature's ow

n biom
im

etic technology, im
itated and popu-

larized by the m
ilitary during W

orld W
ar 1. Im

itating im
itation is nothing 

new
, but the form

s m
im

esis is taking are. 
A

 C
anadian biotech com

pany recently purchased a decom
m

issioned U
.S. 

A
ir Force base on the A

m
erican side of the border just outside Plattsburgh, 

N
ew

 Y
ork, to farm

 genetically engineered Spidergoats, thousands of them
; 

but Jeffrey Turner, founder, president, and C
E

O
 ofN

exia B
iotechnologies, 

isn't interested in cloning goats per se. 22 R
eferring to D

olly as a "scientific 
stunt," Turner explains to one reporter that "N

exia's project is less about 
altering nature than harnessing it. The com

pany's goal isn't to create w
eird 

goats; they're m
erely a m

eans of producing useful quantities of spider silk, a 
sim

ple substance created eons ago by natural evolution .... W
hat N

exia is 
really up to isn't m

ere genetic engineering, it's 'biom
im

icry.' "2
3

 Spider silk 
is the holy grail of m

aterial sciences-it's five tim
es stronger than steel and 

stretches 30 percent farther than m
ost elastic nylon-w

ith a host of m
edical, 

industrial, and m
ilitary applications, including biodegradable sutures for 



3
6

6
 

E
N

 T
A

N
 G

 L E M
E

N
 T S

A
N

 D
 

R
 E (C

 0 N
) F

IG
 U

 R
A

 T IO
N

 S 

surgery, replacem
ent ligam

ents or tendons, industrial fibers, and bullet-
proof vests. There are even recreational applications like fishing line and 
tennis racket strings. Even the haute-couture fashion w

orld is already sali-
vating over the possibilities of spinning new

 fabrics. 
"It's w

ay beyond anything w
e hum

ans can m
ake. M

illed steel pales next to 
it." Turner is aw

ed by the ingenious engineering talents of the spider, w
hich, 

he explains, w
ere honed by the com

petitive pressures of nature's ow
n m

ilitary 
exploits: "The spider's evolution com

es out of a kind of arm
s race betw

een 
spiders and bugs. The bugs start flying to get aw

ay from
 spiders, so the 

spiders have to com
e up w

ith a new
 w

eapon. " W
ell, then, w

hat could be m
ore 

natural than scientists at the C
anadian biotech com

pany N
exia team

ing up 
w

ith the M
aterials Science Team

 of the U
.S. A

rm
y Soldier B

iological C
hem

ical 
C

om
m

and to take som
e lessons from

 spiders? (W
ho's copying w

hom
? Is 

copying ever not a form
 of self-replication? W

hen it's all done w
ith m

irrors, 
it's difficult, if not im

possible, to find out w
ho's really spinning the sticky 

w
eb.) Em

ulating not only nature's best ideas for peaceful coexistence but also 
its ingenuity in the face of m

ilitary challenges, this is taking nature as inspira-
tion to a new

 level. A
nd m

uch like the envious fecundity of M
other N

ature's 
sym

biotic relationships, the relationship betw
een C

anadian-based N
exia and 

the U.S. m
ilitary is proving to be very productive indeed. In the January 2

0
0

2
 

issue of the journal Science, this international interdisciplinary industrial-
m

ilitary hybrid team
 announced a m

ajor m
aterials-science breakthrough: a 

w
ay to spin silk from

 goat's m
ilk (Lazaris et al. 2

0
0

2
). The im

plications and 
the payoff from

 this research are potentially enorm
ous. N

 exia now
 holds the 

patent on a recom
binant spider silk, trade-nam

ed BioSteel®
, and it is m

oving 
rapidly tow

ard com
m

ercial developm
ent. BioSteel®

, according to the com
-

pany and its prom
oters, has the additional advantage of being eco-friendly in 

both its com
position (it is biodegradable) and its production process (w

hich 
is w

ater based), as opposed to m
ost other synthetic fibers.24 

So w
hile N

exia is busy m
aking recom

binant spider silk for a host of 
m

edical, m
ilitary, and industrial applications by taking genes from

 golden 
orb-w

eaving spiders and putting them
 into fertilized goat eggs so that the 

goat w
ill secrete spider silk into its m

ilk, w
hich can be profitably harvested 

by the com
pany, Turner is spinning the yarn, flattering the spider's talents 

for m
anufacturing a m

aterials-science w
onder-"a self-assem

bling, bio-
degradable, high-perform

ance, nanofiber structure one-tenth the w
idth of a 

hum
an hair that can stop a bee traveling at 2

0
 m

iles per hour w
ithout 

breaking."25 A
nd so it shouldn't surprise us that w

hen Jeffrey Turner is asked 
the "big-E" ethics question that m

any biotech com
pany execs treat w

ith 
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great annoyance, as if such questions are pesky little black flies that keep 
sw

arm
ing no m

atter w
hat public relations repellent is applied, he responds 

w
ith the confidence of a jujitsu m

aster, sm
iles at the futility of fly sw

atting, 
and instead uses the fly's ow

n energy, w
orking in concert w

ith the spider, to 
outw

it the flies at their ow
n gam

e: w
ith great aplom

b, Turner calm
ly m

im
ics 

the "biom
im

icry" biom
im

ics. W
hat could be m

ore natural than taking na-
ture as inspiration? Even nature does it. N

o w
onder Jeffrey Turner claim

s to 
be a practitioner. 

Benyus is w
ell aw

are of the potential for the m
isuse of biom

im
icry. In 

fact, she points specifically to N
exia's transgenic "m

im
icking" (the quota-

tion m
arks are B

enyus's) of spider silk, w
hich turns goats into "cheap facto-

ries" (this description is Turner's), as a case in point: 26 "Every fiber of m
y 

being cries w
hen I hear that. That's the antithesis of the kind of respect, the 

m
aturity that w

e need. So I think in term
s of w

hat w
e shouldn't be doing, I 

think this transgenic engineering is the height of hubris. It's a biological 
transgression of the w

orst kind."27 
Benyus has a principled com

plaint against transgenic engineering: nature 
doesn't do it-nature doesn't trade genes across classes of organism

s-and 
so w

e shouldn't, either. That is, Benyus advocates adopting nature not only 
as m

odel but also as m
entor and m

easure: "If nature as m
odel says, 'W

hat 
w

ould nature do here?' nature as m
easure says, 'W

hat w
ouldn't nature do 

here?' " (ibid.). In other w
ords, B

enyus's ethical principle for biom
im

icry is 
biom

im
etic: "B

iom
im

icry says: ifit can't be found in nature, there is proba-
blya good reason for its absence. It m

ay have been tried, and long ago edited 
out of the population. N

atural selection is w
isdom

 in action."28 
N

ow
, the suggestion of an ethics based on the principle of follow

ing 
nature's lead w

ill no doubt sound like an all-too-fam
iliar drone for som

e, 
and for good reasons. N

atural law
 argum

ents for social policy abound, and 
there are copious exam

ples of m
isguided attem

pts to enlist nature as a 
justification for every possible social prejudice, including racism

, sexism
, 

and hom
ophobia. Social D

arw
inism

 is a w
ell-know

n exam
ple illustrating 

the dangers of biom
im

icry as a social or ethical principle. G
oing back to 

Friedrich Engels, critics of social D
arw

inism
 have argued that D

arw
in takes 

his inspiration from
 social and econom

ic doctrines based on com
petition 

and survival of the fittest, reads them
 into nature, and then social theorists 

use D
arw

in's "nature" to justifY
 social policy based on natural selection, 

saying that they are sim
ply taking their inspiration from

 nature. 29 B
ut the 

dangers of entering this house of m
irrors have not escaped Benyus, w

ho 
explicitly w

arns against taking our ethical principles from
 the natural w

orld: 
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For people as they did during the period of Social D
arw

inism
 to look to the 

natural w
orld to figure out w

ho should live and w
ho should die or w

ho 
should breed-that's really, really dangerous, I think. Because how

 other 
organism

s are being judged by natural selection and the kinds of societies 
that they've knit together, we can't pick a species and say we should be m

ore 
like that. I think looking to nature for our m

ores and our ethics and our 
m

orality is really dangerous. W
e are a unique species, an ethical m

oral ani-
m

al, and there are som
e places that it just doesn't fit. 30 

This advice-to look to nature as an ethical m
easure but not as a basis for 

our ethical principles, "to judge the rightness of our innovations" based on 
nature's designs but not to judge the rightness of our actions based on 
nature's w

ay of doing things-seem
s reasonable enough at first glance. 

H
ow

ever, this principle ultim
ately falters on the very issue that the exam

ple 
of social D

arw
inism

 brings to light: how
 are w

e to understand the notion of 
"nature" that is being invoked? B

enyus's principle relies on a belief in hu-
m

an exceptionalism
 and a hard distinction betw

een nature and hum
ans: w

e 
hum

ans are a species unique in all the anim
al kingdom

 by virtue of our 
ethical character; w

e are historical creatures; w
hile nature, on the other 

hand, has a givenness that is outside of culture; nature is found in the rain 
forest and the sw

am
p, environm

ents threatened by (nonindigenous) hum
an 

culture(s). Furtherm
ore, B

enyus's distinction seem
s to presum

e that designs 
are sim

ply transparently there in a w
ay that actions m

ay not be, that w
e have 

an im
m

ediate access to nature's designs in a w
ay that gets clouded w

hen w
e 

turn to observing behaviors, that m
aterial designs can be separated from

 the 
agential practices that produce them

. This presum
ption that there is a pure 

nature separate from
 culture operates throughout B

enyus's w
ork. As w

ith all 
m

irroring practices, biom
im

icry has a built-in optics based on a geom
etry of 

distance from
 that w

hich is other. B
ut is there a "pure nature" (both episte-

m
ologically and ontologically speaking) to w

hich w
e can turn for inspira-

tion? A
nd how

 pure is this im
plied notion of purity w

hen its invocation 
throughout history has helped to perpetuate som

e of the m
ost heinous 

crim
es know

n to hum
ankind? (Isn't the very notion of "race" nothing save 

the notion of "purity" put into practice?) Furtherm
ore, and w

ith astonishing 
irony, the discourse of nature as separate from

 culture seem
s strikingly out 

of step w
ith the very practices of biom

im
etics, w

hich, not incidentally but 
rather by virtue of its ow

n principles, actively rew
orks the boundaries be-

tw
een nature and culture. A

nd isn't the undoing of the very idea of an 
inherent nature-culture boundary a useful tool, if not a prerequisite, for 
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destabilizing sexism
, racism

, and hom
ophobia and other social ills that are 

propped up by this dualism
 and its derivatives? It is ironic that w

hile environ-
m

ental activists are busy reifY
ing a notion of nature based on purity, w

ith all 
its problem

atic im
plications, the enterprise of bioengineering is m

aking it 
crystal clear that the nature-culture dualism

 is a construction, a point that 
fem

inists and other social critics have been trying to get across for som
e 

tim
e. W

hat is at issue and at stake is "w
hat counts as nature, for w

hom
, and 

at w
hat costs" (H

araw
ay 1997, 104).31 

This is not an argum
ent for or against biom

im
etics or other technoscien-

tific practices w
rit large. O

n the contrary, the point is that these practices 
hold both incredible prom

ise and unfathom
able dangers. W

hich is not the 
end point but the beginning point for ethical considerations. 
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The "eyes" m
ade available in m

odern technological sciences shatter any idea 
of passive vision; these prosthetic devices show

 us that all eyes, including our 
ow

n organic ones, are active perceptual system
s, building in translations and 

specific w
ays of seeing, that is, w

ays of life. There is no unm
ediated photo-

graph or passive cam
era obscura in scientific accounts of bodies and m

a-
chines; there are only highly specific visual possibilities, each w

ith a w
onder-

fully detailed, active, partial w
ay of organizing w

orlds .... U
nderstanding 

how
 these visual system

s w
ork, technically, socially, and psychically ought to 

be a w
ay of em

bodying fem
inist objectivity. 

-D
O

N
N

A
 H

A
R

A
W

A
Y

, Sim
ians, Cyborgs, and W

omen 

"Eyeless C
reature Turns O

ut to Be All Eyes," announces the New York Tim
es. 

The Tim
es article sum

m
arizes the results of a study published in the A

ugust 
23, 2

0
0

I, issue of the scientific journal Nature, in w
hich an international team

 
of m

aterial scientists, theoretical physicists, chem
ists, and biologists report 

their am
azing finding that the brainless and eyeless creature called the brit-

tlestar, an invertebrate cousin of the starfish, sea urchin, and sea cucum
ber, 

has a skeletal system
 that also functions as a visual system

. 32 

The brittlestar, a relative of the starfish, seem
s to be able to flee from

 preda-
tors in the m

urky ocean depths w
ithout the aid of eyes. N

ow
 scientists have 

discovered its secret: its entire skeleton form
s a big eye. A

 new
 study show

s 
that a brittlestar species called Ophiocoma wendtii has a skeleton w

ith crystals 
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that function as a visual system
, apparently furnishing the inform

ation that 
lets the anim

al see its surroundings and escape harm
. The brittlestar architec-

ture is giving ideas to scientists w
ho w

ant to build tiny lenses for things like 
optical com

puting. 

The researchers found that the approxim
ately ten thousand spherically 

dom
ed calcite crystals covering the five lim

bs and central body of the brit-
tlestar function as m

icrolenses, and that the m
icrolenses collect and focus 

light directly onto nerve bundles that are part of the brittlestar's diffuse 
nervous system

. R
em

arkably, the brittlestars secrete this crystalline form
 of 

calcium
 carbonate (calcite) and organize it to m

ake the optical arrays. A
c-

cording to D
r. A

lexei Tkachenko of Bell Laboratories, one of the authors of 
the study, "The brittlestar lenses optim

ize light com
ing from

 one direction, 
and the m

any arrays of them
 seem

 to form
 a com

pound eye" (quoted in the 
Times article). "It's bizarre-there's nothing else that I know

 of that has 
lenses built into its general body surface," says M

ichael Land, w
ho studies 

anim
al vision at the U

niversity of Sussex in B
righton, England. 33 

The fact that certain species of brittlestars respond to light w
as already 

w
ell established, but the m

echanism
 of their superior visual capacity w

as not 
know

n. 34 These photosensitive brittlestars are able to navigate around obsta-
cles, flee from

 predators, and detect shadow
s. They also turn lighter in color 

at night and darker during the day (see figure 32). A
t first glance, this 

evolutionary strategy seem
s ill conceived, since it increases their visibility to 

predators. B
ut if the brittlestar's goal is to increase its vision (the better to 

avoid predators), to collect as m
uch light as possible during the night, and 

likew
ise to protect its visual system

 from
 oversensitivity, overexposure to 

light, during the day (the better to put on "sunglasses"), then nature's 
selective process seem

s justified. 
To test their hypothesis that "these calcitic m

icrostructures m
ight have a 

function in directing and focusing the light on photosensitive tissues" 
(A

izenberg et al. 2001, 820), the researchers at Bell Labs used a technique 
called optical lithography, w

hich is a process also used for inscribing cir-
cuits on m

icrochips: "To detect and visualize the lensing effect, w
e designed 

a lithographic experim
ent. A

 D
A

P
 [dorsal arm

 plate] ofO
. wendtii [one of the 

species that exhibit photosensitivity] w
as cleansed of organic tissue, and a 

low
-m

agnification scanning electron m
icrograph (S

E
M

) of its dorsal sur-
face w

as recorded as a reference im
age." Figure 33a show

s the S
E

M
 of the 

dorsal arm
 plate cleansed of organic m

aterial; in figure 33b, the S
E

M
 (using 

greater m
agnification) of the peripheral layer of a dorsal arm

 plate clearly 
show

s the lens structures ofo. wendtii. 
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Photosensitive brittlestar. From
 J. A

izen-
berg et aI., "C

alcitic m
icrolenses as part of 

the photoreceptor system
 in brittlestars," 

Nature 412 (2001): 819, figure lb. Reprinted 
with permission of M

acmillan Publishers ltd. Images 
courtesy of Nature Publishing Group, london. 

The lensing system
 w

as analyzed by placing the prepared sam
ple on a 

silicon w
afer. M

im
icking the process used to optically engrave circuits on a 

silicon w
afer in the m

aking of m
icrochips, the researchers shined light 

through the lenses, etching the photosensitive w
afer. By analyzing the etch-

ings, the researchers w
ere able to deduce the focal length of the lenses. This 

w
as com

pared to a transm
ission electron m

icroscopy study of thin sections 
of decalcified dorsal arm

 plates, w
hich revealed bundles of nerve fiber located 

precisely at the focal plane of the lens system. O
n the basis of this finding, the 

researchers offered the follow
ing conclusion: "W

e suggest that the array of 
calcitic m

icrolenses w
ith their unique focusing effect and underlying neural 

receptors m
ay form

 a specialized photoreceptor system
 w

ith a conceivable 
com

pound-eye capability" (A
izenberg et al. 2001, 821). 

In talking w
ith the press, Joanna A

izenberg, a Bell Labs scientist and the 
lead author of the study, also m

akes use of the m
ore high-tech com

parison 
to a digital cam

era that builds up a picture pixel by pixeP5 In this exchange, 
one quickly loses track of w

hether the digital cam
era is a m

etaphor for 
brittlestar vision or the reverse, especially as the m

etaphor begins to take on 
a strikingly m

aterial form
: 

Instead of trying to com
e up w

ith new
 ideas and technology, we can learn 

from
 this m

arine creature .... The [calcitic] lenses surround the w
hole body, 

looking in all different directions and providing peripheral vision to the 
organism

 .... This is the quality we all w
ant to incorporate in optical devices, 

in cam
eras in particular. Instead of having one lens pointing in one direction, 

you could have thousands oflenses pointing in different directions. This w
ill 

give you perhaps a 3 6o-degree view
 of the w

hole space. 36 

In sum
m

ary, the rem
arkable finding of this international m

ultidisciplin-
ary team

 of scientists is that the brittlestar's skeletal system
 is com

posed of 
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33 
The im

age on the left (a) show
s a scanning electron m

icrograph (SEM
) of the dorsal arm

 
plate of a brittlestar (0. w

endtii)j the im
age on the right (b) is an SEM

 (increased m
agnifica-

tion) show
ing calcite lenses on the peripheral layer of a dorsal arm

 plate skeletal section. 
From

 J. A
izenberg et aI., "C

alcitic m
icrolenses as part of the photoreceptor system

 in 
brittlestars," N

ature 412 (2001): 819, figures lC and If. Reprinted with permission of M
acm

illan 
publishers ltd. Images courtesy of Nature Publishing GrouP. london. 

an array of m
icro lenses, little spherical calcite crystal dom

es (on the order of 
tens of m

icrons in diam
eter) arranged on its surface, w

hich collect and focus 
light precisely on points that correspond to the brittlestar's nerve bundles, 
part of its diffuse nervous system

, suggesting that the com
bined system

 
seem

ingly functions as a com
pound eye (an optical system

 found in insects). 
Roy Sam

bles, a physicist w
ho w

orks on optics and photonics at the 
U

niversity of Exeter in England, expressed his enthusiasm
 for this brainless 

creature's ingenuity: 

It's astonishing that this organic creature can m
anipulate inorganic m

atter 
w

ith such precision-and yet it's got no brain. It's starting w
ith a soup of 

chem
icals and pulling out this w

onderful m
icrostructure.

37 

H
um

an ingenuity cam
e up w

ith m
icrolens arrays only a few

 
ago, and 

they are used in directional displays and in m
icro-optics, for exam

ple as 
signal-routing connectors for signal processing. O

nce again w
e find that 

nature foreshadow
ed our technical developm

ents. The sam
e applies to pho-

tonic solids, structures that can selectively reflect light in all directions. Pho-
tonic m

aterials have stim
ulated m

uch research over the past ten years because 
of their potential in light m

anipulation, yet they are to be found in opals and 
in the w

ings of butterflies. But then, nature has been in the business of 
developing functioning optical structures for a very long tim

e. 38 

The brittlestar m
ay not get full credit for its superior ingenuity, w

hich ex-
ceeds the current technological ingenuity of hum

ans, but a larger, older, and 
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w
iser configuration called "nature" does. A

s one N
ational Public R

adio 
reporter put it: "Even the m

ost prim
itive creatures m

ight have the edge over 
m

odern science."39 (So w
hat m

akes it "prim
itive" again?) 

W
hile this discovery is a fantastically interesting scientific result, it's 

probably fair to say that the excitem
ent surrounding this finding and the 

w
ide reporting of this story have m

ore to do w
ith its potential applications 

than w
ith pure am

azem
ent at the ingenuity of the brittlestar's bodily know

-
how

. C
onsider the appropriately m

easured tone of the acknow
ledgm

ent in 
the technical article's closing sentence: 

The dem
onstrated use of calcite by brittlestars, both as an optical elem

ent and 
as a m

echanical support, illustrates the rem
arkable ability of organism

s, 
through the process of evolution, to optim

ize one m
aterial for several func-

tions, and provides new
 ideas for the fabrication of "sm

art" m
aterials. 

(A
izenberg et al. 2

0
0

1
, 821) 

U
nderstatem

ent (or least reserve) is considered good professional eti-
quette in scientific publications, and w

hile sum
m

aries such as the ones in 
the "N

ew
s and V

iew
s" section of N

ature allow
 quite a bit m

ore leew
ay, 

statem
ents to the popular press follow

 a different set of rules altogether. So 
it perhaps isn't surprising that a Discover M

agazine reporter juxtaposes a 
statem

ent by A
izenberg expressing her am

azem
ent at the brittlestar w

ith a 
pull-no-punches opening line that m

akes the stakes crystal clear: 

U
ntil now

, engineers have only dream
ed of such perfect m

icrolenses, w
hich 

could be invaluable in optical netw
orking and m

icrochip production. A
izen-

berg is inspired. "This is very clever engineering," she says. "W
e m

ay be able 
to m

im
ic it, borrow

ing from
 nature a design that has already been w

orking 
for thousands of years. "4

0
 

A
s m

ight be expected, the press releases from
 Bell Labs (ow

ned by Lucent 
Technologies) are very upbeat about the discovery. A

 press release dated 
A

ugust 2
2

, 2
0

0
I, entitled "B

ell Labs scientists find rem
arkable optics in 

m
arine creatures that m

ay lead to better m
icrolenses for optical netw

orks," 
explains that this m

ultifunction biom
aterial m

ay lead to better-designed 
optical elem

ents for telecom
m

unications netw
orks and faster com

puters 
through im

proved optical lithography techniques: 

Scientists hope to m
im

ic nature's success and design m
icrolenses based on 

the brittlestar m
odel. Such biom

im
etic lenses m

ay prove useful as com
po-

nents of optical netw
orks, and in chip design, w

here they could potentially 
im

prove optical lithography techniques. "Biom
im

&
tics builds on nature's 
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expertise," said John Rogers, director of nanotechnology research at Bell 
Labs. "In this case, a relatively sim

ple organism
 has a solution to a very 

com
plex problem

 in optics and m
aterials design." 

A
 year and a halflater, on February 21, 2

0
0

3
, Bell Labs issued an enthusi-

astic report on A
izenberg's latest achievem

ent, published in the journal 
Science: "the creation of the w

orld's first m
icro-patterned crystals inspired by 

bioengineering found in nature" (A
izenberg et al. 

2
0

0
3

). The sum
m

ary 
phrase, w

ritten in bold under the title and designed to catch the reader's eye, 
is telling: "Study of how

 nature designs crystals in sea organism
s m

ay be 
im

portant to nanotechnology." W
ith a w

ink to the brittlestar, in a show
 of 

reverence that resem
bles the kind of respect for nature that Benyus exudes, 

A
izenberg explains the project thus: 

I have alw
ays been fascinated w

ith nature's ability to perfect m
aterials .... 

The m
ore we study biological organism

s, the m
ore w

e realize how
 m

uch we 
can learn from

 them
. W

e recently discovered that nature m
akes excellent 

m
icro-patterned crystals, and we decided to see if we could copy the natural 

approach in the lab, since this technique m
ay be useful in nanotechnology. 

In contrast to the "top-dow
n" approach currently used to m

ake lenses, 
w

hereby glass is ground dow
n to m

atch the specifications of the lens, A
izen-

berg and her colleagues used a "bottom
-up" technique, popular in nano-

technology developm
ent, in w

hich successive layers of calcite are built up to 
m

ake the lenses. The report m
akes effective use of the lead scientist's enthu-

siasm
 and engages it to ratchet up the excitem

ent a notch, predicting noth-
ing less than a revolution in m

anufacturing optical devices: "The new
 Bell 

Labs approach m
ay revolutionize how

 crystals are m
ade in the future for a 

w
ide variety of applications." 
The them

es of visualization, inscription devices, em
bodied sight, and 

biom
im

esis are no doubt sufficient stim
uli to generate a Pavlovian response 

in a host of scholars w
ho focus on questions of representation and related 

questions of epistem
ology, but the brittlestar's optical system

 is different in 
kind from

 the visualizing system
s that m

any scholars in science studies and 
cultural studies are fond of reflecting on. W

hat is at issue is not the geo-
m

etrical optics m
odel that positions language or representation as the lens 

that m
ediates betw

een the object w
orld and the m

ind of the know
ing sub-

ject, a geom
etry of absolute exteriority betw

een onto logically and epistem
o-

logically distinct kinds. The history of W
estern epistem

ology displays great 
diversity and ingenuity in generating 

kinds of epistem
ological and 
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visualizing system
s (Plato'S is not D

escartes's is not K
ant's is not M

erleau-
Ponty's is not Foucault's), but as long as representation is the nam

e of the 
gam

e, the notion of m
ediation-w

hether through the lens of consciousness, 
language, culture, technology, or labor-holds nature at bay, beyond our 
grasp, generating and regenerating the philosophical problem

 of the pos-
sibility of hum

an know
ledge out of this m

etaphysical quarantining of the 
object w

orld. 41 

The brittlestar is not a creature that thinks m
uch of epistem

ological 
lenses or the geom

etrical optics of reflection: the brittlestar does not have a 
lens serving as the line of separation, the m

ediator betw
een the m

ind of the 
know

ing subject and the m
ateriality of the outside w

orld. B
rittlestars don't 

have eyes; they are eyes. It is not m
erely the case that the brittlestar's visual 

system
 is em

bodied; its very being is a visualizing apparatus. The brittlestar 
is a living, breathing, m

etam
orphosing optical system

. For a brittlestar, 
being and know

ing, m
ateriality and intelligibility, substance and form

, en-
tail one another. Its m

orphology-its intertw
ined skeletal and diffuse ner-

vous system
s, its very structure and form

-entails the visualizing system
 that 

it is. This is an anim
al w

ithout a brain. There is no res cogitans agonizing 
about the postulated gap (ofits ow

n m
aking) betw

een itself and res extensa. 
There is no optics of m

ediation, no noum
ena-phenom

ena distinction, no 
question of representation. 

B
rittlestars are not fixated on the illusion of the fixity of "their" bodily 

boundaries, and they w
ouldn't entertain the hypothesis of the im

m
utability 

of m
atter for even a m

om
ent. D

ynam
ics aren't m

erely m
atter in m

otion to a 
brittlestar w

hen m
atter's dynam

ism
 is intrinsic to the brittlestar's bio-

dynam
ic w

ay of being. A
 brittle star can change its coloration in response to 

the available light in its surroundings. W
hen in danger of being captured by 

one predator or another, a brittlestar w
ill break off the endangered bociy part 

(hence its nam
e) and regrow

 it. The brittlestar is a visualizing system
 that is 

constantly changing its geom
etry and its topology-autonom

izing and re-
generating its optics in an ongoing rew

orking of its bodily boundaries. 42 Its 
discursive practices-the boundary-draw

ing practices by w
hich it differentiates 

itself from
 the environm

ent w
ith w

hich it intra-acts and by w
hich it m

akes 
sense of its w

orld, enabling it to discern a predator, for exam
ple-are mate-

riality enacted. 43 The brittlestar's bodily structure is a m
aterial agent in w

hat it 
sees and know

s as part of the w
orld's dynam

ic engagem
ent in practices of 

know
ing. Sim

ilarly, its bodily m
ateriality is not a passive, blank surface 

aw
aiting the im

print of culture or history to give it m
eaning or open it to 

change; its very substance is m
orphologically active and generative and plays 
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an agentive role in its differential production, its ongoing m
aterialization. 

That is, its differential materialization is discursive-entailing causal practices 
reconfiguring boundaries and properties that m

atter to its very existence. 44 

The ongoing reconfigurings of its bodily boundaries and connectivity are 
products of iterative causal intra-actions-m

aterial-discursive practices-
through w

hich the agential cut betw
een "self" and "other" (e.g., "sur-

rounding environm
ent") is differentially enacted (e.g., in one agential cut, a 

given arm
 is part of the form

er; in another it is part of the latter). The ability 
to distinguish self from

 other, to track and dodge predators, for exam
ple, is 

requisite for the brittlestar's survival, but this does not im
ply that the catego-

ries need to be fixed; on the contrary, the brittlestar's survival depends on its 
capacity to discern the reality of its changing and relational nature. Intel-
ligibility and m

ateriality are not fixed aspects of the w
orld but rather inter-

tw
ined agential perform

ances. This eye, this being, is a living optics to-
pologically enfolding bits of the environm

ent w
ithin itself and expelling 

parts of itself to the environm
ent as part of its biodynam

ics. This apparatus 
serves both as the condition for the possibility of the intertw

ined practices of 
know

ing and being and as a causally productive force in its further m
aterial-

izations. Talk about a m
ultifunction biom

aterial! 
B

rittlestars challenge not only disem
bodied epistem

ologies but also tra-
ditional, and indeed m

any nontraditional, notions of em
bodim

ent. B
odies 

are not situated in the w
orld; they are part of the w

orld. 45 O
bjectivity can't be a 

m
atter of seeing from

 som
ew

here, as opposed to the view
 from

 now
here 

(objectivism
) or everyw

here (relativism
), if being situated in the w

orld 
m

eans occupying particular coordinates in space and tim
e, in culture and 

history. Just as the im
portance of the body as a perform

ance rather than a 
thing can hardly be overem

phasized, so should w
e resist the fam

iliar con-
ception of spacetim

e as a preexisting Euclidean container (or even a non-
Euclidean m

anifold) that presents separately constituted bodies w
ith a place 

to be or a space through w
hich to travel. "Position" is neither an absolute 

nor an a priori determ
inate feature of space. The spacetim

e m
anifold does 

not sit still w
hile bodies are m

ade and rem
ade. The 

betw
een 

space, tim
e, and m

atter is m
uch m

ore intim
ate. Spacetim

e itselfis iteratively 
reconfigured through the ongoing intra-activity of the w

orld. The w
orld is 

an ongoing intra-active engagem
ent, and bodies are am

ong the differential 
perform

ances of the w
orld's dynam

ic intra-activity, in an endless reconfigur-
ing of boundaries and properties, including those of spacetim

e. Techno-
scientific and other practices entail space-tim

e-m
atter-in-the-m

aking. N
oth-

ing stands separately constituted and positioned inside a spacetim
e fram

e of 
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reference, nor does there exist a divine position for our view
ing pleasure 

located outside the w
orld. 46 There is no absolute inside or absolute outside. 

There is only exteriority w
ithin, that is, agential separability. Em

bodim
ent is a 

m
atter not of being specifically situated in the world, but rather of being of the world in 

its dynam
ic specificity. 

Interestingly, som
e ophiuroids have biolum

inescent arm
s that continue 

to w
iggle and em

it light after breaking off. M
arine biologists understand 

this as an effective survival tactic that a brittlestar perform
s to distract preda-

tors w
hile it escapes. Is this jettisoned lim

b sim
ply a piece of an organic-

inorganic structure shuttering w
ith rem

nant reflex energy or a com
panion 

species helping out? If the detached lim
b's continuing m

ovem
ents are 

judged to be m
ere reflex on the basis that the fragm

ent has no brain, w
hat of 

the original organism
 that is a sm

art m
aterial w

ithout a brain, and a living 
contestation of the organic-inorganic binary? B

rittlestar species exhibit 
great diversity in sexual behavior and reproduction: som

e species use broad-
cast spaw

ning, others exhibit sexual dim
orphism

, som
e are herm

aphroditic 
and self-fertilize, and som

e reproduce asexually by regenerating or cloning 
them

selves out of the fragm
ented body parts. W

hen is a broken-off lim
b 

only a piece of the environm
ent, and w

hen is it an offspring? A
t w

hat point 
does the "disconnected" lim

b belong to the "environm
ent" rather than the 

"brittlestar"? Is contiguity of body parts required in the specification of a 
single organism

? Can w
e trust visual delineations to define bodily bound-

aries? Can w
e trust our eyes? C

onnectivity does not require physical con-
tiguity. (Spatially separate particles in an entangled state do not have separate 
identities but rather are part of the sam

e phenom
ena.)47 Is the connection 

betw
een an "offspring" regenerated from

 a fragm
ented body part and the 

parent brittlestar the sam
e as its connection to a dead lim

b or the rest of the 
environm

ent? Im
agine the possibilities for lost lim

b m
em

ory traum
a w

hen it 
com

es to brittlestars! R
ethinking em

bodim
ent in this w

ay w
ill surely require 

rethinking psychoanalysis as w
ell. 

B
rittlestars are living, breathing, m

utating lim
inal diffraction gratings-

they live at the edge of being diffraction gratings. N
egotiating com

plex sets of 
changing relations concerning bodily boundaries, brittlestars are evolu-
tionarily attuned to processes of differentiation. They sim

ply cannot afford 
to ignore potential diffraction effects. D

iffraction effects lim
it the ability of a 

lens (or system
 of lenses) to resolve an im

age. The greater the diffraction 
effects, the less determ

inate the boundaries of an im
age are, that is, the m

ore 
the resolution is com

prom
ised. This is a fundam

ental physical lim
it (not 

m
erely a practical one).48 B

rittlestars have evolved in intra-action w
ith their 



3
7

8
 

E
N

T
A

N
G

L
E

M
E

N
T

S
 

A
N

D
 

R
E

(C
O

N
)F

IG
U

R
A

T
IO

N
S

 

environm
ent in just such a w

ay that their m
icro lenses are optim

ized to 
m

axim
ize visual acuity (for the discernm

ent of predators, hiding places, and 
other im

portant phenom
ena) in a creative tension, a trade-off, betw

een the 
resolution of detail and diffraction effects. 49 H

ow
 that tension is negotiated 

clearly m
atters: the possibilities for survival are at stake in the brittlestar's 

ability to differentiate bodily boundaries. D@
action is not about any difference 

but about which differences m
atter. The brittlestar lives agential separability, the 

possibilities for differentiation w
ithout individuation. 

B
rittlestars know

 better than to get caught up in a geom
etrical optics of 

know
ing. Clearly they are in a different genus from

 the m
ediating m

achines, 
inscription devices, lenses, panopticons, and various other epistem

ological 
tools that m

any scholars in science studies and cultural studies fancy. These 
approaches too often figure visualization as a m

atter of geom
etrical optics, 

leaving im
portant factors of physical optics aside. But this w

ill produce a 
fuzzy im

age at best. Lim
iting an analysis to the dom

ain of geom
etrical 

optics, in the neglect of diffraction and other im
portant physical optics 

effects, corresponds to lim
iting the analysis to the dom

ain of classical phys-
ics in the neglect of quantum

 effects. 5o As w
e have seen, there are profound 

differences betw
een classical and quantum

 physics-the epistem
ology and 

ontology that each entails are strikingly different. In a sense, this neglect of 
physical optics (quantum

 physics) can be understood as m
arking the episte-

m
ologicallim

it of science studies. There is m
ore to nature than "nature-as-

the-object-of-hum
an-know

ledge."51 
The 

latter 
constitutes 

are-veiling 
(w

hich provokes the seem
ing l}eed for a revealing) of nature, yet again. 

B
oundary-m

aking practices do not m
erely pick out the epistem

ic object, 
backgrounding the rest. A

nd scientific practices are not m
erely practices of 

know
ing, and the know

ledge produced is not ours alone. Even in direct 
challenges to W

estern philosophy's traditional conceptions of epistem
ology, 

there is a tendency to continue to think of know
ers as hum

an subjects, albeit 
appropriately hooked into our favorite technological prostheses. In the ab-
sence of a vigorous exam

ination of the ontological issues, the locus of 
know

ledge is presum
ed to be never too far rem

oved from
 the hum

an, and so 
the dem

ocratizing m
ove is to invite nonhum

an entities into our sociality. But 
the nature-culture dualism

 is not underm
ined by inviting everything into one 

category (m
an's, yet again). The point of challenging traditional epis-

tem
ologies is not m

erely to w
elcom

e fem
ales, slaves, children, anim

als, and 
other dispossessed O

thers (exiled from
 the land of know

ers by A
ristotle 

m
ore than tw

o m
illennia ago) into the fold of know

ers but to better account 
for the ontology of know

ing. 
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B
rittlestars literally enact m

y agential realist ontoepistem
ological point 

about the entangled practices of know
ing and being. They challenge our 

C
artesian habits of m

ind, breaking dow
n the usual visual m

etaphors for 
know

ing along w
ith its optics of m

ediated sight. K
now

ledge m
aking is not a 

m
ediated activity, despite the com

m
on refrain to the contrary. K

now
ing is a 

direct m
aterial engagem

ent, a practice of intra-acting w
ith the w

orld as part 
of the w

orld in its dynam
ic m

aterial configuring, its ongoing articulation. 
The entangled practices of know

ing and being are m
aterial practices. The 

w
orld is not m

erely an idea that exists in the hum
an m

ind. To the contrary, 
"m

ind" is a specific m
aterial configuration of the w

orld, not necessarily 
coincident w

ith a brain. B
rain cells are not the only ones that hold m

em
o-

ries, respond to stim
uli, or think thoughts. 52 B

rittlestars intra-act w
ith their 

ocean environm
ent and respond to differential stim

uli m
ade intelligible 

through these intra-actions, adjusting their positions and rew
orking their 

bodies in order to avoid predators or find food or shelter, all w
ithout brains 

or eyes. (W
as the cell biologist D

aniel M
azia being m

erely m
etaphorical 

w
hen he rem

arked that "the gift of the great m
icroscopist is the ability to 

think w
ith the eyes and see w

ith the brain"? Surely a plethora of statem
ents 

about tacit know
ing, including a w

ealth of testim
onials offered by scientists, 

suggests som
e m

ore literal, m
aterial m

eaning.) 
"I think, therefore I am

" is not the brittlestar's credo. K
now

ing is not a 
capacity that is the exclusive birthright of the hum

an. The "know
er" cannot 

be assum
ed to be a self-contained rational hum

an subject, nor even its 
prosthetically enhanced variant. There is no res cogitans that inhabits a 
given body w

ith inherent boundaries differentiating self and other. R
ather, 

subjects are differentially constituted through specific intra-actions. The 
subjects so constituted m

ay range across som
e of the presum

ed boundaries 
(such as those betw

een hum
an and nonhum

an and self and other) that get 
taken for granted. K

now
ing is a distributed practice that includes the larger 

m
aterial arrangem

ent. To the extent that hum
ans participate in scientific or 

other practices of know
ing, they do so as part of the larger m

aterial config-
uration of the w

orld and its ongoing open-ended articulation. 
K

now
ing is a specific engagem

ent of the w
orld w

here part of the w
orld 

becom
es differentially intelligible to another part of the w

orld in its differen-
tial accountability to and for that of w

hich it is a part. In traditional hum
anist 

accounts, intelligibility requires an intellective agent (that to w
hich som

e-
thing is intelligible), and intellection is fram

ed as a specifically hum
an capac-

ity. But in m
y agential realist account, intelligibility is an ontological perfor-

m
ance of the w

orld in its ongoing articulation. It is not a hum
an-dependent 
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characteristic but a feature of the w
orld in its differential becom

ing. The 
w

orld articulates itself differently. A
nd know

ing does not require intellection 
in the hum

anist sense, either; know
ing is a m

atter of differential responsive-
ness (as perform

atively articulated and accountable) to w
hat m

atters. 
Crucially, know

ing is not a m
atter of m

ere differential responsiveness in 
the sense of sim

ply having different responses to different stim
uli. K

now
ing 

requires differential accountability to w
hat m

atters and is excluded from
 

m
attering. That is, w

hat is required is differential responsiveness that is 
accountable to m

arks on bodies as part of a topologically dynam
ic com

plex 
of perform

ances. A
s R

ouse rem
arks, "There is nothing about the letters p-o-

s-i-t-i-o-n or the po-'zi-shun that m
agically ... connects them

 to w
hat is 

disclosed in m
easurem

ents using [an] apparatus w
ith internally fixed parts; 

only their actual ongoing use in such circum
stances, in reliably recognizable 

and norm
atively accountable w

ays, can account for their discursive signifi-
cance" (R

ouse 2004, 153). B
ut recognition need not entail cognition in 

hum
anist term

s. A
 brittlestar can recognize a predator and successfully 

negotiate its environm
ent to elude capture despite the fact that it has no 

brain. A
 brittle star is not som

e ideal C
artesian subject, but through specific 

practices ofintra-active engagem
ent, it differentially responds (not sim

ply in 
the sense of responding differently to different things that are out there but) 
in w

ays that m
atter. There are stakes-life-and-death stakes-in getting it 

w
rong. 53 Furtherm

ore, "recognizability" is not a fixed and universal notion 
but obtains its m

eaning through its ongoing use in specific practices. W
hat 

is at issue, then, is not m
ere differential responsiveness but norm

ative dif-
ferential responsiveness. D

ifferent m
aterial intra-actions produce different 

m
aterializations of the w

orld, and hence there are specific stakes in how
 

responsiveness is enacted. In an im
portant sense, it m

atters to the, w
orld 

how
 the w

orld com
es to m

atter. 
B

rittlestars are not m
erely tools that w

e can use to teach us about bio-
m

im
esis and enhanced com

m
unication netw

orks. B
rittlestars are living tes-

tim
ony to the inseparability of know

ing, being, and doing. O
n the one hand, 

w
e trust our eyes w

hen it com
es to believing that boundaries that w

e see are 
sharp inherent edges m

arking the lim
its of separate entities, even though 

upon closer exam
ination the diffraction effects-the indefinite nature of 

those boundaries-becom
e clear (w

hich is not to suggest that there really are 
no boundaries or that w

hat is at stake is a postrnodern celebration of the 
blurring of boundaries; w

e have learned too m
uch about diffraction to think 

in these sim
plistic term

s). O
n the other hand, w

e don't trust our eyes to give 
us reliable access to the m

aterial w
orld; as inheritors of the C

artesian legacy, 
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w
e w

ould rather put our faith in representations instead of m
atter, believing 

that w
e have a kind of direct access to the content of our representations that 

w
e lack tow

ard that w
hich is represented. To em

brace representationalism
 

and its geom
etry or geom

etrical optics of externality is not m
erely to m

ake a 
I 

justifiable approxim
ation that can be fixed by adding further factors or 

perturbations at som
e later stage, but rather to start w

ith the w
rong optics, 

the w
rong ground state, the w

rong set of epistem
ological and ontological 

assum
ptions. H

araw
ay's m

ove aw
ay from

 her earlier "an optics is a politics 
of positioning" to her later "diffraction is an optical m

etaphor for the effort 
to m

ake a difference in the w
orld" signals the kind of shift that is required 

(H
araw

ay 1991,193; 1997, 16). 
There is m

ore to diffraction than m
eets the eye. As w

e have learned from
 

our quantum
 m

echanical studies of diffraction, it is a m
uch m

ore subtle and 
profound phenom

enon than the classical understanding suggests. The phe-
nom

enon of diffraction does not m
erely signifY

 the disruption of representa-
tionalism

 and its m
etaphors of reflection in the endless play of im

ages and 
its anxieties about copy and original and displacem

ents of the Sam
e else-

w
here. D

iffraction is an ethico-onto-epistem
ological m

atter. W
e are not 

m
erely differently situated in the w

orld; "each of us" is part of the intra-
active ongoing articulation of the w

orld in its differential m
attering. D

iffrac-
tion is a m

aterial-discursive phenom
enon that challenges the presum

ed 
inherent separability of subject and object, nature and culture, fact and 
value, hum

an and nonhum
an, organic and inorganic, epistem

ology and 
ontology, m

ateriality and discursivity. D
iffraction m

arks the lim
its of the 

determ
inacy and perm

anency of boundaries. O
ne of the crucial lessons w

e 
have learned is that agential cuts cut things together and apart. Dij.ffaction is a 
matter of differential entanglements. Dij.ffaction is not merely about differences, and 
certainly not differences in any absolute sense, but about the entangled nature of 
differences that m

atter. This is the deep significance of a diffraction pattern. 54 
Dij.ffaction is a m

aterial practicefor m
aking a difference,for topologically reconj1guring 

connections. 
B

rittlestars are not pure bits of nature or blank slates for the im
printing 

of culture. They are not m
ere resources or tools for hum

an interventions. 
They are not sim

ply superior optical engineers or natural inspirations for the 
enterprising ingenuity of hum

ans. B
rittlestars are phenom

ena intra-actively 
produced and entangled w

ith other phenom
ena. They are agentive beings, 

lively configurations of the w
orld, w

ith m
ore entanglem

ents than arm
s. 

They are not m
erely objects of our know

ledge-m
aking and product-m

aking 
projects. "H

um
ans" and "brittlestars" learn about and co-constitute each 
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other through a variety of brittle star-hum
an intra-actions. B

iom
im

esis m
ay 

be the goal of certain research projects that seek to appropriate the ingenuity 
of the brittlestar's lens system

, but this practice cannot be understood as a 
process of copying the other. N

ature is not a pure essence that exists "out 
there" or on a slide positioned under the objectives of our m

icroscopes. In 
the gam

e of geom
etrical optics w

ould the brittlestar be the lens that w
e look 

at, or through, or w
ith? B

rittlestars are not gripped by the idea of m
irroring, 

im
itation, reflection, or other m

odes of the tropology of Sam
eness. These 

echinoderm
s don't reflect on the w

orld; they are engaged in m
aking a differ-

ence in the w
orld as part of the w

orld in its differential becom
ing, and so are 

w
e. The specific nature of our intra-actions w

ith brittlestars m
atters. For all 

w
e have learned from

 our intra-actions w
ith brittlestars, the issue is not 

w
hether or not w

e are w
illing to follow

 N
ature's exam

ple. The attending 
ethico-onto-epistem

ological questions have to do w
ith responsibility and 

accountability for the entanglem
ents "w

e" help enact and w
hat kinds of 

com
m

itm
ents "w

e" are w
illing to take on, including com

m
itm

ents to "our-
selves" and w

ho "w
e" m

ay becom
e. 

It w
ould be a serious error to m

istake biom
im

esis for m
ere im

itation. The 
em

erging field ofbiom
im

etics is not about copies of originals or even copies 
of copies w

ithout beginning or end. O
n the contrary, biom

im
esis is a par-

ticularly poignant call for the incorporation of difference at every level in 
breaking the deadening and sinister sym

m
etry of Sam

eness that uses the 
hall of m

irrors to suck tim
e, history, and m

atter into the black hole of stasis 
(leaving in its stead a culture of no culture and a nature of no nature).55 The 
biom

im
etic-inspired study of the brittlestar reveals the lim

itations of the 
geom

etrical optics of m
irroring and show

s us that the crucial point is not 
m

irroring but its creative undoing, not sam
eness reproduced w

ithout end 
but attentiveness to differences that m

atter. C
ontem

porary practitioners of 
biom

im
esis do not claim

 to be m
aking replicas of nature; rather, they are 

engaged in practices that use nature as inspiration for new
 engineering 

designs. B
iom

im
etics honors M

other N
ature as the prim

o engineer, but it 
doesn't prom

ise to abide by her m
ethods. It em

braces new
 innovations, new

 
m

aterials, new
 techniques, new

 applications. B
ringing the new

 to light is its 
highest principle. O

f course, the new
 bio-info-nano-technologies em

brace 
the new

 for very practical reasons: aside from
 the excitem

ent and rom
antic 

overtones that inevitably accom
pany the story of the scientist as explorer 

breaking into new
 frontiers, and its obvious advertising benefits, w

ithout the 
new

 there is sim
ply no copyright to be gained. 

There's an im
portant point to be m

ade about the new
 in light of the 

entangled nature of spacetim
e m

atte rings. As H
ans-Jorg R

heinberger points 
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out the new
 isn't the new

 until it is already not new
-for the new

 "becom
es a 

novelty only in a transform
ation w

hich m
akes it a trace of som

ething to 
w

hich it has given rise" (1997, 177). O
riginals don't preexist as such and 

m
im

esis can't be the reproduction of w
hat cam

e before, not w
hen tim

e itself 
is constituted through the dynam

ics of intra-activity and the past rem
ains 

open to m
aterial reconfigurings (see chapter 7). As w

e saw
 in chapter 7, the 

historiality of phenom
ena is w

ritten into their m
aterialization, their bodily 

m
ateriality holds the m

em
ories of the traces of its enfoldings; space and 

tim
e (like m

atter) are phenom
enal, that is, they are intra-actively produced in 

the m
aking of phenom

ena; neither space nor tim
e exist as determ

inate 
givens outside of phenom

ena. As a result of the iterative nature of intra-
active practices that constitute phenom

ena, the "past" and the "future" are 
iteratively reconfigured and enfolded through one another: phenom

ena can-
not be located in space and tim

e; rather, phenom
ena are m

aterial entangle-
m

ents that "extend" across different spaces and tim
es. The production of 

the new
 can't be located and it certainly can't be ow

ned. N
either the past nor 

the future is ever closed. It's not that the new
 is generated in tim

e; rather, 
w

hat is at issue is the intra-active generation of new
 tem

poralities, new
 

possibilities, w
here the "new

" is the trace of w
hat is yet to com

e. 56 ©
 is not a 

sym
bol of ow

nership of the right to copy, but rather of the responsibilities 
entailed in producing differences (for w

hom
 and at w

hat costs?). 57 
B

iom
im

etics is a nodal point around w
hich nanotechnologies, biotech-

nologies, and infotechnologies are becom
ing m

ore and m
ore com

plexly 
entangled. This accounts for a great deal of the current fascination w

ith 
biom

im
etics, the enthusiastic support it is receiving from

 governm
ent agen-

cies, universities, and private industry, and the rapid grow
th of research 

centers that are fashioned on a m
odel ofhybridity (draw

ing together inter-
disciplinary, international, and interorganization team

s) that cultural stud-
ies, w

om
en's studies, ethnic studies, and other critical social studies pro-

gram
s have been touting the advantages of for decades, but w

ith little real 
structural or m

aterial support from
 the colleges and universities that claim

 
to pride them

selves on the interdisciplinary efforts that spur them
 on to the 

cutting edge of education and research. 58 As w
e entertain the possibilities 

for form
ing partnerships w

ith brittlestars and other organism
s for bio-

m
im

etic projects, w
e are co-constituting ourselves into assem

blages that 
"m

im
ic" (but do not replicate) the entanglem

ents of the objects w
e study 

and the tools that w
e m

ake. The entanglem
ents w

e are a part of reconfigure 
our beings, our psyches, our im

aginations, our institutions, our societies; 
"w

e" are an inextricable part of w
hat gets rew

orked in our R
&

D
 proj-

ects. The ethical questions that w
e w

ill w
ant to consider are not only about 
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how
 nonhum

an anim
als are being appropriated for hum

an desires but also 
about how

 our desires and our beings are co-constitutively reconfigured 
as w

ell. 
O

ne very im
portant lesson w

e have gained from
 our intra-actions w

ith 
brittlestars (w

here the objective referent here is the phenom
enon, not som

e 
allegedly pure bit of nature) is that ethics is not sim

ply about the subsequent 
consequences of our w

ays ofinteracting w
ith the w

orld, as if effect follow
ed 

cause in a linear chain of events. Ethics is about m
attering, about taking 

account of the entangled m
aterializations of w

hich w
e are a part, including 

new
 configurations, new

 subjectivities, new
 possibilities-even the sm

allest 
cuts m

atter. B
iom

im
esis is not about m

aking copies but about enacting new
 

cuts and reconfiguring entanglem
ents. W

e are m
uch m

ore intim
ately con-

nected than the notion of m
im

esis connotes. W
e don't have the distances of 

space, tim
e, and m

atter required to replicate "w
hat is"; in an im

portant 
sense, w

e are already m
aterially entangled across space and tim

e w
ith the 

diffractive apparatuses that iteratively rew
ork the "objects" that "w

e" study. 
The ethical practice of biom

im
esis w

ill require specific case-by-case ac-
countings for m

arks on bodies. Technoscientific practices are about m
aking 

different w
orldly entanglem

ents, and ethics is about accounting for our part 
of the entangled w

ebs w
e w

eave. 
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The ultra-fast com
puters of the future will be based on beam

s of light that 
exploit the strange properties of the sub-atom

ic or quantum
 m

echanical 
w

orld. U
sing light and quantum

 m
echanics offers the prospect of com

puters 
trillions of tim

es m
ore pow

erful than we have today. The first, tentative but 
encouraging, steps have been m

ade tow
ards prim

itive quantum
 com

puters. 
-D

A
V

ID
 W

H
IT

E
H

O
U

S
E

, 

"Q&
A: Teleportation," B

B
C

 News, June 1
4
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0

0
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New paradigm
s will use advances in quantum

 com
putation and m

olecular 
and nano-electronics to devise radically faster com

puters to solve problem
s 

previously described as "uncom
putable," such as full-scale sim

ulations of 
our biosphere or surgical sim

ulations. V
iew

ing cells as com
putational de-

vices will help enable the design of next generation com
puters that feature 

self organization, self repair, and adaptive characteristics that we see in 
biological system

s. 
-N

S
F

 T
E

S
T

IM
O

N
Y

 T
O

 C
O

N
G

R
E

S
S

, M
arch 1

,2
0

0
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TestifY
ing before C

ongress, a N
ational Science Foundation officer explains 

"quantum
 entanglem

ent" to our governm
ent representatives: "Tw

o parti-
cles can have linked spins even though they are at a distance [and appear to 
be com

pletely separate entities]. M
anipulating one particle and then reading 

the spin of the other, linked, particle is the basis of quantum
 inform

ation 
teleportation."59 Is this the late-night hallucination of a physics student 
cram

m
ing for an exam

? A
 skit on Saturday Night Live? O

r a national new
s 

report on yet another incident of w
asted governm

ent spending slotted for 
the "Fleecing of A

m
erica" segm

ent? Surprisingly, the answ
er is none of the 

above. This statem
ent on quantum

 entanglem
ent is from

 actual testim
ony, 

im
portant testim

ony regarding research funded by a host of governm
ent 

agencies. As discussed in chapter 7, quantum
 entanglem

ent-w
hich chal-

lenges the presum
ed ontological separability of seem

ingly individual parti-
cles-is a phenom

enon that lies at the heart of quantum
 physics. B

utw
hy are 

the N
ational Security A

gency (N
S

A
), the D

efense A
dvanced R

esearch Proj-
ects A

gency 
(D

A
R

P
A

), the N
ational R

econnaissance O
ffice 

(N
R

O
), and 

other u.S. federal agencies including the A
rm

y, Navy, and A
ir Force, the 

A
dvanced R

esearch and D
evelopm

ent A
gency (A

R
D

A
), the N

ational A
ero-

nautics and Space A
dm

inistration (N
A

S
A

), the N
ational Institute of Stan-

dards and Technology (N
IS

T
), and the D

epartm
ent of Energy (D

O
E

) inter-
ested in quantum

 entanglem
ent?60 

For decades, questions about the m
eaning and im

plications of quantum
 

theory, foundational issues that cut to the very core of our understanding of 
the theory's nature, w

ere considered "m
erely philosophical," that is, of no 

practical im
port. The im

passioned debate betw
een B

ohr and Einstein be-
longed to the dustbin of history, and students w

ho w
anted to know

 som
e-

thing m
ore about quantum

 theory than how
 to use it as a tool for doing 

calculations w
ere directed, w

ith an obligatorily pejorative tone, to seek coun-
sel in the philosophy departm

ent, w
here questions of w

hether trees that fall 
in forests in the absence of listening subjects still m

ake noises w
ould not fall 

on deaf ears. The im
plication w

as that if one w
as seriously interested in the 

m
eta-physical issues, one could, and indeed one should, leave the serious 

endeavor of physics and pick up a career in history or philosophy of science. 
There w

ere a few
 exceptions; a scant num

ber of researchers in the field of the 
foundations of quantum

 m
echanics w

ere hired in physics departm
ents or 

already had tenure in physics departm
ents, but by and large the physics 

com
m

unity just w
asn't interested. In the past decade or so, things have 

changed. N
ow

, all of a sudden, "m
etaphysical" issues have surfaced as a 

topic in physics, sparking the interest not only of physicists but also of a host 

!J 
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of governm
ent officials, com

puter scientists, international bankers, and en-
trepreneurs around the w

orld. 61 W
e have entered w

hat the N
ational A

cadem
y 

of Sciences calls the "Second Q
uantum

 R
evolution." 

The basis for the new
 quantum

 revolution is quantum
 entanglem

ent, an 
idea that has been around since the m

id-1930S but has only very recently 
been acknow

ledged as the very essence of quantum
 physics. U

nlike the 
original quantum

 revolution, the new
 one is not so m

uch a revolution in 
ideas (at least it is not w

idely acknow
ledged as such) but a revolution in 

technological potential. In the 1990s, physicists began to take quantum
 

entanglem
ent seriously as they realized its extraordinary potential as the 

basis for new
 technological endeavors including quantum

 com
puting, 

quantum
 cryptography, and quantum

 teleportation. Let's take a brieflook at 
each of these innovations. 62 

Q
uantum

 com
puters are touted as a m

ajor contender for increased com
-

puting pow
er in the postsilicon era. They have the potential to accelerate 

com
putations and solve problem

s that have heretofore been resistant to 
solution, including the factoring oflarge integers, the acceleration of com

-
binatorial searches, and the sim

ulation of com
plex physical system

s. This 
anticipated "quantum

 leap" in com
puting pow

er is due to quantum
 com

-
puters' intrinsic m

assive "parallelism
," w

hich enables them
 to perform

 
m

any operations sim
ultaneously.63 The point w

as m
ade to the U

.S. con-
gressional representatives in this w

ay: 

Since the invention of the silicon integrated circuit in 1961 to the present, the 
num

ber of devices that can be placed on a single silicon chip has roughly 
doubled every 12 to 18 m

onths. This m
eans that every ten years, the num

ber of 
devices on chips increases about a thousand-fold. This is done by shrinking 
device sizes and is achieved by constant im

provem
ents in chem

istry, photo-
lithography, clean room

s, and other efforts. This doubling rate is know
n as 

M
oore's law. For the com

puting industry, the shrinking devices and increas-
ing density [have] enabled the inform

ation technology revolution through 
staggering increases in speed and functionality of com

puters accom
panied 

by astonishing decreases in costs. W
e know

 that this cannot continue for 
long-the size of atom

s is a very hard lim
it and very close in tim

e .... If we are 
to continue to see im

provem
ents in the perform

ance and cost of com
puting, 

we m
ust go beyond silicon. 

Q
uantum

 com
puting represents an im

portant possibility for m
aintaining 

our com
petitive edge. 

B
ut quantum

 com
puting prom

ises m
ore than additional com

puting 
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pow
er, for the project is entangled w

ith issues that cut to the heart of 
national security and control of global inform

ation system
s. Though it m

ay 
seem

 as if the factoring oflarge integers w
ould be ofinterest only to a group 

of m
athem

aticians w
ho revel in the innocent pleasures of playing w

ith num
-

bers, factoring is the basis of encryption system
s that seek to keep banking 

transactions secure. In theory, a pow
erful-enough quantum

 com
puter could 

pose a threat to the international banking system
 as w

ell as to national 
security. Perhaps it isn't surprising, then, that overall support for Q

uantum
 

Inform
ation Science (Q

IS
) in the U

nited States has risen from
 about $1 

m
illion in fiscal year 1995 to over $30 m

illion in fiscal year 2
0

0
0

. 64 In fact 
there has been an explosion of such efforts throughout the so-called first 
w

orld. C
urrently, "quantum

 com
puters are the focus of a m

am
m

oth re-
search effort by a consortium

 including several universities in A
ustralia and 

the U
.S., as w

ell as Los A
lam

os, leading those in the field to dub it the 
'M

anhattan Project of quantum
 com

puting.' "6
5

 

Q
uantum

 cryptography is an em
erging technology that prom

ises the se-
cure transm

ission of inform
ation betw

een distant locations (e.g., betw
een 

tw
o satellites). Significantly, the security of quantum

 crytpographic trans-
m

issions is guaranteed by the law
s of quantum

 m
echanics such that not only 

w
ould any attem

pt to tap such a transm
ission fail, but no attem

pt w
ould be 

able to evade detection. W
hile quantum

 com
puting m

ay take decades to 
realize, quantum

 cryptography is already com
m

ercially available: 

Long before [a tim
e w

hen quantum
 com

puting m
ay be realized], m

oreover, 
entanglem

ent and superposition m
ay find practical application in other tech-

nologies. For exam
ple, quantum

 cryptography has the potential to exchange 
inform

ation w
ith guaranteed secrecy; com

m
ercial products already exist. 

Q
uantum

 entanglem
ent m

ay also perm
it m

ore accurate and better synchro-
nized atom

ic clocks, w
hich in turn could im

prove G
P

S
 system

s and m
obile 

com
m

unications netw
orks. 

A
nd of course, that is just the beginning. A

ttem
pts to tam

e the quantum
 

realm
 are also opening up new

 possibilities for nanoscience and other areas 
of physics, and are certain to lead to technologies that today's physicists 
cannot even fathom

.
66 

A
 third research area is quantum

 teleportation. A
lthough it m

ay not lead 
anytim

e soon (if ever) to the realization of a Star Trek-style transporter that 
m

akes an object dem
aterialize in one place and rem

aterialize in another (or 
at least its replica), quantum

 teleportation is a m
ethod by w

hich physicists 
can transport the properties of one object to another even if the objects are 
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on opposite sides of the galaxy (at least in principle). Even if scientists do 
find a w

ay to handle the vast inform
ation that is a hum

an being, the prospect 
of teleporting beings is rather grim

, for, as C
harles B

ennett and his col-
leagues have show

n, it m
eans destroying the original and replacing it w

ith a 
replica (B

ennett et al. 1993). The teleportation of quantum
 inform

ation has 
been realized in the laboratory, and though it w

on't replace air travel in the 
near future, it w

ill m
ost likely have uses in quantum

 com
puting and quan-

tum
 cryptography. N

o w
onder quantum

 entanglem
ent has gotten m

ore peo-
ple's attention than a few

 m
etaphysicians and a sm

all group of die-hard 
physicists and philosophers intent on figuring out the deep m

ysteries of the 
quantum

 theory.67 
Q

uantum
 physics is part of a com

plexly entangled w
eb of phenom

ena that 
include scientific, technological, m

ilitary, econom
ic, m

edical, political, so-
cial, and cultural apparatuses of bodily production, to nam

e but a few. Figure 
34 show

s an illustration that attem
pts to offer som

e sense of this com
plex and 

lively m
anifold of entangled and changing practices and possibilities. The 

illustration is w
holly inadequate, im

pressionistic at best, but hopefully of 
som

e use for the reader w
ho shares m

y yearning and struggles to see, feel, 
touch, taste, sm

ell, hear, and otherw
ise sense phenom

ena w
ith the m

ind's 
eye (and it's not only the last w

ord in this sentence that strives to give som
e 

sense of this m
aterial practice of grasping phenom

ena that ought to be put in 
scare quotes; of course, "grasping" is a m

aterial-discursive practice that 
intra-acts rather than interacts w

ith its object). For one thing, the com
plex 

m
anifold of connections in question is an ever-changing m

ultidim
ensional 

topological m
anifold of spacetim

em
atter, not a three-dim

ensional object 
(assum

ing you'll grant that) located in space w
ith the barest hint of tim

e 
throw

n in for good m
easure, that not only com

es across as spatialized but is 
literally represented spatially (by the perhaps all-too-subtle suggestion that 
som

e "blobs" are in the process of m
aterializing w

hile others are becom
ing 

less substantial). The w
orm

holes, the array of handles connecting nonproxi-
m

ate points that (only) seem
 distant or disconnected, barely hint at a m

uch 
denser and m

ore com
plex set of entanglem

ents that could not be placed on 
the diagram

 w
ithout obscuring the im

age. Furtherm
ore, the illustration fails 

to convey the dynam
ic set of changing relations and m

ultiple en/foldings that 
are part of its ongoing reconfiguring. H

ow
 to represent not m

erely the lim
its 

of representationalism
 (in the tradition of V

elazquez or M
agritte, for exam

-
ple) but the agential realist notions of causality and agency that are entailed in 
entanglem

ents is a question that one sim
ply can't w

rap one's m
ind around 

(by definition). In particular, the notion of entanglem
ent needs to be under-
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34 
Entangled genealogies. Illustration by Nicolle Railer Fuller and Karen Barad. 

stood in term
s of the relational ontology of agential realism

. W
hile the 

illustration gives the im
pression that the m

anifold is an assem
blage of 

individual events, entities, and sets of practices, but the fact is that these 
apparatuses of bodily production are intra-acting w

ith and m
utually con-

stituting one another; that is, w
hat is at issue is the prim

acy of relations over 
relata and the intra-active em

ergence of "cause" and "effect" as enacted by 
the agential practices that cut things together and apart. All in all, perhaps at 
best the illustration conveys som

e sense of the m
ultiplicity of apparatuses 

that are part of these entangled genealogies, but even at that the labels don't 
do justice to the nature of these different and differently connected changing 
m

aterialities. O
r m

aybe all that it is able to hint at is som
e sense of the need 

to read genealogies for their constitutive exclusions. But then again, repre-
sentations are not (m

ore or less faithful) pictures of w
hat is, but productive 

evocations, provocations, and generative m
aterial articulations or recon-

figurings of w
hat is and w

hat is possible. 
Recall that apparatuses are them

selves phenom
ena-the result of intra-

actions of m
aterial-discursive practices-and the enfolding of phenom

ena 

l I 



3
9

0
 

E
N

T
A

N
G

L
E

M
E

N
T

S
 

A
N

D
 

R
E

(C
O

N
)F

IG
U

R
A

T
IO

N
S

 

I'VE IN
\lEN

TED
 A. QUflNTUI'I 

ACCORDING TO CHA05 
CO

I'IPU
TtR, 

CAPABLE OF 
E 

TI-IEOR.Y, YOUP. TIN
Y

 
INTEI\.ACTING W

ITH 
CHANGE TO ANOTHER 

FROI'\ OTHER U
N

IV
ER

SE5 
1 

U
N

I\lERSE 
W

ILL SH
IFT 

TO &OLVE COI'\PLEX 
IT

5 D
ESTIN

Y
, 

EQ
U

A
TIO

N
S. 

PO
S5II;LY

 
K

.tLLIN
G

 
'-&

 
. 

E\lERY 
III 

IN
H

I>.BIiA
N

T. 
--::rzm

\ 
) 

= 
-=:........ 

FIR
E 

1.T UP. 

35 
Sh ift happens. From O

ilbert, ©
 Scott Adams, dist. by United Feature Syndicate, Inc. 

into subsequent iterations of particular practices (w
hich m

ay be traded and 
m

utated across space, tim
e, and subcultures, in the iterative reconfiguring of 

spacetim
em

atter itself) constitutes im
portant shifts in the nature of the 

intra-actions that result in the production of new
 phenom

ena, and so on. 
W

hich shifts occur m
atter for epistem

ological as w
ell as ontological rea-

sons: a different m
aterial-discursive apparatus of bodily production m

ate-
rializes a different configuration of the w

orld, not m
erely a different descrip-

tion of a fixed and independent reality. W
e are responsible for the w

orld of 
w

hich w
e are a part, not because it is an arbitrary construction of our choos-

ing but because reality is sedim
ented out of particular practices that w

e have 
a role in shaping and through w

hich w
e are shaped. (The D

ilbert cartoon in 
figure 35 offers a different illustration, a different w

ay of conveying the 
crucial point that in our entangled engagem

ents w
ith and as part of the 

universe each shift m
atters.) 

W
hat w

e need is an understanding of the m
aterial-discursive practices by 

w
hich these connections are form

ed and reform
ed, not in space and tim

e 
but in the very configuring and reconfiguring of spacetim

em
atter. In particu-

lar, the responsible practice of science requires a full genealogical account-
ing of the entangled apparatuses or practices that produce particular phe-
nom

ena. 68 In contrast to m
ore traditional conceptions of objectivity, w

hich 
are only responsible to the norm

s of correct practice as narrow
ly conceived 

(e.g., the correct operation of equipm
ent, the production of determ

inate 
m

arks on bodies, the follow
ing of standards of interpretation to produce 

intelligible results, the follow
ing of correct procedures for reporting re-

sults), objectivity in an agential realist sense requires a full accounting of the 
larger m

aterial arrangem
ent (i.e., the full set of practices) that is a part of the 

phenom
enon investigated or produced. (To do otherw

ise is to m
isidentifY
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the objective referent.) H
ence objectivity requires an accounting of the con-

stitutive practices in the fullness of their m
aterialities, including the enact-

m
ent of boundaries and exclusions, the production of phenom

ena in their 
sedim

enting historiality, and the ongoing reconfiguring of the space of 
possibilities for future enactm

ents. The point is that m
ore is at stake than 

"the results"; intra-actions reconfigure both w
hat w

ill be and w
hat w

ill be 
possible-they change the very possibilities for change and the nature of 
change. Learning how

 to intra-act responsibly as part of the w
orld m

eans 
understanding that "w

e" are not the only active beings-though this is never 
justification for deflecting our responsibility onto others.69 
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Proxim
ity, difference w

hich is non-indifference, is responsibility. 
-E

M
M

A
N

U
E

L
 L

E
V

IN
A

S
, Otherwise than Being, or Beyond Essence 

For Em
m

anuel Levinas, responsibility is not a relation betw
een tw

o subjects; 
rather, the otherness of the O

ther is given in responsibility. "R
esponsibility 

is "the essential, prim
ary and fundam

ental m
ode of subjectivity .... Ethics 

... does not supplem
ent a preceding existential base; the very node of the 

subjective is knotted in ethics understood as responsibility" (Levinas 1985, 
95). Ethics grounds hum

an experience (not the other w
ay around). 

Levinas rejects the m
etaphysics of the self that serves as a foundation for 

conventional approaches to ethics. Subjectivity is not a m
atter of individu-

ality but a relation of responsibility to the other. Crucially, then, the ethical 
subject is not the disem

bodied rational subject of traditional ethics but 
rather an em

bodied sensibility, w
hich responds to its proxim

al relationship 
to the other through a m

ode of w
onderm

ent that is antecedent to conscious-
ness. As the fem

inist theorist Ew
a Plonow

ska Ziarek explains, the "ethical 
significance of the body is crystallized in the figure of touch and sensibility, 
in 'the quite sim

ple attem
pt to touch the other, to feel the other'" (Ziarek 

2
0

0
I, 56). Ziarek em

phasizes that, for Levinas, em
bodim

ent is neither a 
passive surface for the inscription of culture nor the biological body: 

Levinas rethinks em
bodim

ent not only as the condition of relations to objects 
but also as a prototype of an ethical experience. In contrast to the transcen-
dence of the body in self-reflection, "oneself," or ipseity, signifies for Levinas 
an em

bodied self-a prelogical, presynthetic entw
inem

ent of thought and 
carnality, or w

hat Levinas calls "being in one's skin.» (49-50) 
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B
eing in one's skin m

eans that one cannot escape responsibility: the prior 
ethical relation of "having-the-other-in-one 's-skin" conditions the constric-
tion of em

bodim
ent, w

hich "does not unify the ego but, on the contrary, 
inscribes the non coincidence w

ith oneself w
ithin the lived body and m

akes it 
the basis of the ethical relations to others" (55). B

efore all reciprocity in the 
face of the other, I am

 responsible. 
But if responsibility is not a com

m
itm

ent that a subject chooses but rather 
an incarnate relation that precedes the intentionality of consciousness, 
"an obligation w

hich is anachronistically prior to every engagem
ent," then it 

seem
s w

e cannot ignore the full set of possibilities of alterity-that "having-
the-other-in-one's-skin" includes a spectrum

 of possibilities, including the 
"other than hum

an" as w
ell as the "hum

an." A
nd if ethical relations extend 

to the other-than-hum
an, then the "noncoincidence w

ith oneself" is clearly 
not a singular feature of hum

an em
bodim

ent. R
esponsibility-the ability to 

respond to the other-cannot be restricted to hum
an-hum

an encounters 
w

hen the very boundaries and constitution of the "hum
an" are continually 

being reconfigured and "our" role in these and other reconfigurings is 
precisely w

hat "w
e" have to face. A

 hum
anist ethics w

on't suffice w
hen the 

"face" of the other that is "looking" back at m
e is all eyes, or has no eyes, or 

is otherw
ise unrecognizable in hum

an term
s. W

hat is needed is a posthu-
m

anist ethics, an ethics of w
orlding. 

Levinas argues that "culture does not com
e along and add extra axiologi-

cal attributes, w
hich are already secondary and grounded, onto a prior, 

grounding representation of the thing. The cultural is essentially em
bodied 

thought expressing itself, the very life of flesh m
anifesting" (quoted in 

Ziarek 2
0

0
1

, 53). W
hat w

ould it m
ean to acknow

ledge that this is true of 
nature as w

ell (as culture)-that nature expresses itself, that nature is not the 
other of thought or speech?70 W

hat if w
e w

ere to acknow
ledge that the 

nature of m
ateriality itself, not m

erely the m
ateriality of hum

an em
bodi-

m
ent, alw

ays already entails "an exposure to the O
ther"? W

hat if w
e w

ere to 
recognize that responsibility is "the essential, prim

ary and fundam
ental 

m
ode" of objectivity as w

ell as subjectivity? 
In m

y agential realist account, m
atter is a dynam

ic expression/ articula-
tion of the w

orld in its intra-active becom
ing. All bodies, including but not 

lim
ited to hum

an bodies, com
e to m

atter through the w
orld's iterative intra-

activity-its perform
ativity. B

oundaries, properties, and m
eanings are dif-

ferentially enacted through the intra-activity of m
attering. D

ifferentiating is 
not about radical exteriority but rather agential separability. That is, differen-
tiating is not about othering or separating but on the contrary about m

aking 
connections and com

m
itm

ents. The very nature of m
ateriality is an en-
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tanglem
ent. M

atter itselfis alw
ays already open to, or rather entangled w

ith, 
the "O

ther." The intra-actively em
ergent "parts" of phenom

ena are co-
constituted. N

ot only subjects but also objects are perm
eated through and 

through w
ith their entangled kin; the other is not just in one's skin, but in 

one's bones, in one's belly, in one's heart, in one's nucleus, in one's past and 
future. This is as true for electrons as it is for brittlestars as it is for the 
differentially constituted hum

an. (Electrons, like brittlestars, are com
plex 

phenom
ena that are lively and enlivened; m

em
ory and re-m

em
ber-ing are 

not m
ind-based capacities but m

arked historialities ingrained in the body's 
becom

ing.) Just as the hum
an subject is not the locus of know

ing, neither 
is it the locus of ethicality. W

e (but not only "w
e hum

ans") are alw
ays al-

ready responsible to the others w
ith w

hom
 or w

hich w
e are entangled, not 

through conscious intent but through the various ontological entangle-
m

ents that m
ateriality entails. W

hat is on the other side of the agential cut is 
not separate from

 us-agential separability is not individuation. Ethics is 
therefore not about right response to a radically exterior/ized other, but 
about responsibility and accountability for the lively relationalities of be-
com

ing of w
hich w

e are a part. 
R

ejecting the m
etaphysics of individualism

 that serves as a foundation for 
traditional approaches to ethics, agential realism

 proposes an alternative 
m

eta/physics that entails a rew
orking of the notions of causality and agency. 

Traditional conceptions of causation are concerned w
ith the causal relation-

ship betw
een distinct sequential events. In m

y agential realist account, cau-
sality is rethought in term

s of intra-activity. Intra-actions do not sim
ply 

transm
it a vector of influence am

ong separate events. It is through specific 
intra-actions that a causal structure is enacted. Intra-actions effect w

hat's 
real and w

hat's possible, as som
e things com

e to m
atter and others are 

excluded, as possibilities are opened up and others are foreclosed. A
nd 

intra-actions effect the rich topology of connective causal relations that are 
iteratively perform

ed and reconfigured. This is a rew
orking of causality that 

not only goes beyond its classical conception but also goes beyond that of 
com

plex system
s theory as w

ell: "em
ergence," in an agential realist account, 

is dependent not m
erely on the nonlinearity of relations but on their intra-

active nature (i.e., on non separability and nontrivial topological dynam
ics as 

w
ell). Events and things do not occupy particular positions in space and 

tim
e; rather, space, tim

e, and m
atter are iteratively produced and perform

ed. 
Traditional conceptions of dynam

ics as a m
atter of how

 the values of an 
object's properties change over tim

e as the result of the action of external 
forces w

on't do. The very nature and possibilities for change are rew
orked. 

W
ith each intra-action, the m

anifold of entangled relations is recon-
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figured. A
nd so consequentiality, responsibility, and accountability take on 

entirely new
 valences. There are no singular causes. A

nd there are no indi-
vidual agents of change. R

esponsibility is not ours alone. A
nd yet our re-

sponsibility is greater than it w
ould be if it w

ere ours alone. R
esponsibility 

entails an ongoing responsiveness to the entanglem
ents of self and other, 

here and there, now
 and then. If, as Levinas suggests, "proxim

ity, difference 
w

hich is non-indifference, is responsibility," then entanglem
ents bring us 

face to face w
ith the fact that w

hat seem
s far off in space and tim

e m
ay be as 

close or closer than the pulse of here and now
 that appears to beat from

 a 
center that lies beneath the skin. The past is never finished once and for all 
and out of sight m

ay be out of touch but not necessarily out of reach. 71 Intra-
active practices of engagem

ent not only m
ake the w

orld intelligible in spe-
cific w

ays but also foreclose other patterns of m
attering. W

e are accountable 
for and to not only specific patterns of m

arks on bodies-that is, the dif-
ferential patterns of m

attering of the w
orld of w

hich w
e are a part-but also 

the exclusions that w
e participate in enacting. Therefore accountability and 

responsibility m
ust be thought in term

s of w
hat m

atters and w
hat is ex-

cluded from
 m

attering. 
The point is not m

erely that there is a w
eb of causal relations that w

e are 
im

plicated in and that there are consequences to our actions. W
e are a m

uch 
m

ore intim
ate part of the universe than any such statem

ent im
plies. If w

hat 
is im

plied by "consequences" is a chain of events that follow
 one upon the 

next, the effects of our actions rippling outw
ard from

 their point of origin 
w

ell after a given action is com
pleted, then to say that there are conse-

quences to our actions is to m
iss the full extent of the interconnectedness of 

being. Future m
om

ents don't follow
 present ones like beads on a string. 

Effect does not follow
 cause hand over fist, transferring the m

om
entum

 of 
our actions from

 one individual to the next like the balls on a billiards table. 
There is no discrete "I" that precedes its actions. O

ur (intra)actions m
atter-

each one reconfigures the w
orld in its becom

ing-and yet they never leave 
us; they are sedim

ented into our becom
ing, they becom

e us. A
nd yet even in 

our becom
ing there is no "I" separate from

 the intra-active becom
ing of the 

w
orld. C

ausality is an entangled affair: it is a m
atter of cutting things to-

gether and apart (w
ithin and as part of phenom

ena). It is not about m
om

en-
tum

 transfer am
ong individual events or beings. The future is not the end 

point of a set of branching chain reactions; it is a cascade experim
ent. 

In his autobiography Disturbing the Universe, the physicist Freem
an D

yson 
takes up the haunting question of J. A

lfred Prufrock-"D
o I dare disturb the 

universe?" T. S. Eliot's protagonist holds the question at arm
's length, afraid 
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of w
hat it m

ight m
ean to give it voice. C

aught in inaction, indulging instead 
in endless reflection, m

irrors upon m
irrors, he w

atches his life from
 a 

distance, afraid to face all but the m
ost petty self-conscious instances: "Shall 

I part m
y hair behind? D

o I dare to eat a peach?" O
n the other hand, D

yson 
grabs hold of the question and considers it in relation to m

atters on the 
grandest scales and potentially of the gravest consequences. "D

o I dare w
ork 

on the hydrogen bom
b?" is an inversion of "D

o I dare eat a peach?" Pru-
frock's extrem

e self-consciousness-his com
pulsive indulgence in interm

i-
nable reflections designed to keep him

self inside his ow
n head, endless 

w
orries upon endless w

orries stacked up like dirty dishes crafted as a dis-
traction, a prophylactic against facing the really difficult questions in life-
does not am

ount to responsible reflection about the consequences of the 
choices life holds. O

n the contrary, it adds up to nothing m
ore than his 

pitiable inability to be in his life, to sing his love song to the universe. By 
contrast, D

yson's life is filled w
ith decisions and actions that are deeply 

consequential. D
yson know

s that the very survival of hum
ankind m

ay rest on 
som

e of the decisions he faces. H
e confronts the really tough questions, 

questions of life and death, and his reflections are subtle and inform
ed. 

Ethics and science go hand in hand for this self-reflexive scientist (w
ho-

rather paradoxically, it seem
s-never m

et a technological project he couldn't 
find justification for w

orking on). D
yson puts his m

oral stances on the table: 
his firm

 belief that "know
ledge im

plies responsibility," his insistence that 
"it m

akes no sense to separate science from
 technology, technology from

 
ethics, or ethics from

 religion," his realization w
hile w

orking on the design 
of a nuclear bom

b at Liverm
ore that "it is not possible to m

ake a clean 
separation betw

een peaceful and w
arlike bom

bs, or betw
een peaceful and 

w
arlike m

otives," his belief in an ultim
ate "covenant betw

een nature and 
m

an," even his dream
 about finally m

eeting his m
aker, w

hich reveals the 
ultim

ate secret that w
e hold the future in our ow

n hands. A
nd yet, despite all 

his thoughtful considerations, D
yson's ethical questioning rem

ains eerily 
faithful to the logic of Prufrock's question. The im

age is inverted, but the 
m

irror rem
ains in fact. The structure that separates reflections from

 actions 
and observer from

 observed is left in place. 
"D

o I dare disturb the universe?" W
hat can such a question m

ean? Shall 
w

e stand outside the universe and just let it "run"? Shall w
e take the side of 

N
ew

ton or Leibniz in the debate about w
hether the clockw

ork m
ust be 

rew
ound periodically or w

hether it w
ill continue in a satisfactory fashion 

w
ithout intervention? H

ow
 best to design a clockw

ork? W
hat position is this 

to occupy? Can w
e assum

e the position of the perfect m
odest w

itness and 
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m
erely observe the universe w

ithout disturbing it? W
hen faced w

ith an 
ethical choice about w

orking on a new
 technological or scientific project, 

can w
e get that kind of distance? Enough to detach ourselves from

 respon-
sibility? C

an w
e sim

ply follow
 our passion to know

 w
ithout getting our 

hands dirty? O
r if w

e cannot stand back, and w
e find ourselves needing to 

intervene now
 and again to keep things in alignm

ent or m
ake an adjustm

ent 
here or there, if w

e honor our responsibility by helping to shape the future, 
w

hat kind of distance shall w
e presum

e is the right am
ount to get a good 

perspective on things? H
ow

 m
any light-years aw

ay do w
e need to stand to 

m
ake w

ise choices? Shall w
e use the universe as a toy m

odel, tw
eak a few

 
things, and see w

hat happens? 
W

hat fantasy of distance is this? W
hat notion of responsibility is pre-

sum
ed? "D

o I dare disturb the universe?" is not a m
eaningful question, let 

alone a starting point for ethical considerations. D
isturbance is not the 

issue, and "dare" is a perverse provocation. There is no such exterior posi-
tion w

here the contem
plation of this possibility m

akes any sense. W
e are of 

the universe-there is no inside, no outside. There is only intra-acting from
 

w
ithin and as part of the w

orld in its becom
ing. 

A
 delicate tissue of ethicality runs through the m

arrow
 of being. There is 

no getting aw
ay from

 ethics-m
attering is an integral part of the ontology of 

the w
orld in its dynam

ic presencing. N
ot even a m

om
ent exists on its ow

n. 
"This" and "that," "here" and "now

," don't preexist w
hat happens but com

e 
alive w

ith each m
eeting. The w

orld and its possibilities for becom
ing are re-

m
ade w

ith each m
om

ent. If w
e hold on to the belief that the w

orld is m
ade of 

individual entities, it is hard to see how
 even our best, m

ost w
ell-intentioned 

calculations for right action can avoid tearing holes in the delicate tissue 
structure of entanglem

ents that the lifeblood of the w
orld runs through. 

Intra-acting responsibly as part of the w
orld m

eans taking account of the 
entangled phenom

ena that are intrinsic to the w
orld's vitality and being 

responsive to the possibilities that m
ight help us and it flourish. M

eeting each 
m

om
ent, being alive to the possibilities of becom

ing, is an ethical call, an 
invitation that is w

ritten into the very m
atter of all being and becom

ing. W
e 

need to m
eet the universe halfW

ay, to take responsibility for the role that w
e 

play in the w
orld's differential becom

ing. 

C
ascade Experim
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Because faith creates its verification 
and reaching you will be no harder than believing 
in a planet's caul of plasm

a, 
or i nteracti ng w

ith a com
et 

in its perihelion passage, no harder 
than considering w

hat sparking of the vacuum
, cosm

ological 
im

prom
ptu flung m

e here, a paraphrase, perhaps, 
for som

e denser, m
ore difficult being, 

a subsidiary instance, easierto grasp 
than the span I foreshadow

, of w
hich I am

 a variable, 
my stance is passional tow

ards the universe and you. 

Because faith in fact can help create those facts, 
the way electrons exist only w

hen they're m
easured, 

or shy people stand alone at parties, 
attract no one, then go hom

e and feel m
ore shy, 

I begin bysupposingourattrition's no quicker 
than a star's, that like electrons 
vanishing on one side 
of a wall and appearing on the other 
w

ithout leaving any holes or being 
som

ew
here in betw

een, the soul's decoupling 
is an oscillation so inw

ard nothing outw
ard 

as the eye can see it. 
The childhood catechism

s all had heaven, 
an excitation of m

ist. 
G

row
n, I thought a vacancy aw

aited m
e. 

Now I find m
yself discarding and enlarging 

both these view
s, an infidel of am

plitude. 

Because truths we don't suspect have a hard tim
e 

m
aki ng them

selves felt, as w
hen thi rteen species 

of w
hip tail lizards com

posed entirely offem
ales 

stay undiscovered due to bias 


