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A Touch-Communication Framework for Drug
Delivery Based on a Transient Microbot

System

Yifan Chen, Panagiotis Kosmas, Putri Santi Anwar, and Likirang

Abstract

Recent progress in bioresorbable radio frequency elecs@nd engineered bacteria has promised
the prospect of realizing transient microbot systems (TK&8)therapeutic applications. The inorganic
or organic miniature robots will dissolve into the human Yafter completing the required tasks
and cause no side-effect. In this paper, we propose a pattemtihitecture of TMS for transporting
a pharmaceutical compound inside the body, and analyzeytens using a micro-to-macro cross-
scale communication model. The remote controllability aadgibility of TMS essentially lead to a
“touch-communications” (TouchCom) paradigm. The extynaaneuverable and trackable TMS are
responsible for the delivery of drug particleisformation molecules in the TouchCom context). The
loading/injection and unloading of the drug corresponchittansmitting andreceiving processes in the
TouchCom framework. Subsequently, we investigate sinmrabols for the propagation and transient
characteristics of TMS in the blood vessels. We also defieepttopagation delay, path loss, as well
as angular and delay spectra of targeting intensity, whiehparallel to their counterpart concepts in
the conventional wireless channel. Finally, our approachilustrated with comprehensive simulation
studies of targeted drug delivery by using the proposedyéinal framework integrating robotics and

communications at crossover lengthscales.
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|. INTRODUCTION
A. Background and Motivation

In his seminal lecture “There’s Plenty of Room at the Bottoin”1959 [1], Feynman presented
the revolutionary idea of building tiny, swallowable robdbr medical applications. The talk laid the
conceptual foundations for the micro/nanorobotics. Theemé development of active semiconductors
exhibiting transient behavior [2], [3] can revolutionizesearch in microbotics. These systems offer
remarkable levels of functionalities and can physicallgagipear at prescribed times and at controlled
rates [3]. Furthermore, latest advances in biorobotice lpremised the prospect of realizing flagellated
magnetotactic bacteria (MTB). The MTB are biodegradabld #reir lifespan is dependent on the
micro-environmental conditions such as the temperaturbladd and the width of vasculature, which
is beneficial from the perspective of biocompatibility arafesin vivo operations. By combining the
concepts of miniature robots and degradable electromigsieered bacteria, we can envisage transient
microbot systems (TMS), which are remotely controllable &iologically resorbable [4].

Targeted drug delivery aims at delivering a therapeuticnage drug where medication is needed
without affecting other healthy parts of the human body [Hjis process can be viewed as a molecular
communication system that uses principles beyond cldssieatromagnetism [6]-[17]. An engineered
miniature transmitter releases small particles (infofamaimolecules through which messages are en-
coded) into a fluid propagation medium. The particles prapaby applying either passive (e.g., diffusion)
or active (e.g., with molecular motors) transport schenagsl are eventually received at a miniature
receiver, where messages are decoded. Under this frametlverlrug particles are information carriers,
which deliver messages (healing actions) from the tranemibcation (injection site) to the receiver
location (targeted site).

By integrating robotics and communications “at the bottpthi's work presents a TMS-assisted micro-
to-macro cross-scale communication model as an abstnagfimrgeted drug delivery in the human body.
Macroscopically maneuverable and trackable TMS are emapl@s the vehicles carrying drug particles
(i.e., information molecules). The TMS exist for medically useful time frames before gralty dissolving
into biofluids via resorption by the body, and their pathwapresents thehannel for information
exchange, and. The loading/injection and unloading oftieegipeutic agent correspond to thansmitting
andreceiving processes in the context of information exchange. In thig, wanovel paradigm ofouch
communications (TouchCom) is achieved, which provides a visual displayndérimation flow such that

the external macro-unit (MAU) can control the movement of My “touching” the tangible TMS-
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manoeuvring space with a guiding force.

The TMS-assisted TouchCom has the potential to simplify régpiirements of previous molecular
communication models by taking into account that: (i) micemomachines cannot process complex
information, perform heavy computation, or store large amse of data; (ii) micro/nanomachines can-
not modify freely molecules or control accurately the malecrelease/reception process for message
encoding/decoding; and (iii) there is no effective mechanito account for uncertainties during the
propagation process, which can be caused by various merharsuch as random Brownian motions,
irregular change of temperature or pH value, unexpectedhicia reactions in the fluid environment,
random decomposition or degeneration of molecules, etcmBying most operations to the MAU, the
TouchCom process only demands the simplest functioral{ensing and manoeuvring) at the TMS.
Moreover, remote controllability and trackability of thé/5 reduce propagation delay and environmental

uncertainty.

B. Main Contributions

The main contributions of the current work can be summarasdbllows.

1) We propose a cross-scale system architecture to faeili@mmunications. Specifically, we present
the constituent elements of TMS and discuss the fundamemttthodology used for information
transfer by establishing the useful analogy between thefGam and drug delivery. Subsequently,
we propose a novel channel description framework for theci@om by defining the quantities of
propagation delay, path loss, as well as angular and dekstrspof signal strength (i.e., amount of
drug delivered to the targeted site), which are paralleh&rtcounterpart concepts in the traditional
wireless channel.

2) We propose simulation tools for the propagation and tesmicharacteristics of a TMS swarm in
the blood vessels. The former is modeled using a fractad¢haandom walk process and the latter
is divided into three different components due to threeediht phenomena: diffusion, branching,
and degeneration.

3) We present the paradigm of TouchCom by applying the prlacof “seeing-is-communicating”
to visualize the entire process of information transfer éalrtime. Consequently, we can adjust
adaptively the next movement of the TMS swarm “on the fly” ldagpon the previous observation
on the past trajectory of the swarm. Eventually, we proposedmitive control engine to optimize

the performance of the TouchCom.
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Fig. 1. (a) Key functional elements of a TMS and (b) concelptiuestration of the TMS-oriented TouchCom model for tateg:
drug delivery.

C. Organization of the Paper

The paper is organized as follows. In Sections Il, we preffntarchitecture of the proposed TMS-
oriented small-scale communications by establishing treogyy between the TouchCom and targeted
drug delivery. We then introduce various parameters tordesthe TouchCom channel with this anal-
ogy in mind. In Section lll, we analyze the simulation toots describe the movement and transient
characteristics of the TMS swarm, as well as the loadingaugfihg operations. In Section IV, we look
into cognitive design strategies for the proposed systeimallly, Section V provides comprehensive
simulation studies of targeted drug delivery to demonstthe principles of the analytical framework,

with conclusions provided in Section VI.

[I. TMS-ORIENTED TOUCHCOM
A. TMS Model Motivated by Experimental Findings

Water soluble and biocompatible constituent material$ @gcsilicon nanomembranes, silicon dioxide
or magnesium oxide, and silk [2] have been used to manufacadio frequency components such as
antennas, rectifying diodes, transistors, capacitotkjdtors, resistors, ring oscillators, etc. Subsequently,
transient devices offering remarkable levels of functlities such as sensors, actuators, power supplies,
and energy harvesting sub-systems have been achieved [aHdition, locomotiveness demanded in a
TMS can be accomplished with the manipulation of Lorentzdsron current-carrying wires based on

magnetohydrodynamics, or on asymmetries in fluid drag foegerienced by an oscillating structure

July 26, 2014 DRAFT



SUBMITTED TO IEEE TRANSACTIONS ON NANOBIOSCIENCE 4

TABLE |

ONE-TO-ONE CORRESPONDENCE BETWEEN' MS AND TRANSIENT ELECTRONICS ORMTB

TMS Transient Electronics MTB
Propeller Lorentz forces Flagellar bundles
Sensor Nanocircuit biosensors Receptor channels
Fuel Wireless power scavenger Nutrients-to-protons converter
Information molecules Nanocomposites Nanocomposites
Steering wheel Magnetohydrodynamics/asymmetric fluid drag steerjng Chains of magnetosomes
Navigator Passive or active positioning Passive or active positioning

[18]. The current technology can achieve mm-sized devieagher miniaturization of various building
blocks can be realized with advancements in the fabricgbimtesses and the constituent materials.
In addition to silicon-based systems, bacteria-basedsyssuch as the biodegradable flagellated MTB
developed by Marteét al. [19]-[24] are also considered as possible TMS for our Towsh@aradigm.
The use of an MTB as a TMS has been discussed in our previous 2], [26].

Nanocomposites can be loaded onto the TMS by utilizing lgickl or chemical bounding methods
[8]. The nanocomposites can also be functionalized by mefpoper molecular groups such as peptides
or antibodies, which are able to bind to receptors at theaditm destination [8]. In order to deliver
sufficient amount of nanocomposites to a destination, arewdrTMS can be injected simultaneously
[19], [20].

Based on these experimental findings, we have developed @pwmal model of a TMS [25], [26],
which comprises the functional elements depicted in Fig) &hd listed in Table 1. It is worth noting
that, the navigator is implemented at the TMS, but the tragkiperation is performed at the MAU, as
detailed in the next section. Either active or passive ndghman be employed for navigation. In the
former case, information molecules could be labeled withrigcent carbon nanotubes or quantum dots.
This procedure enables the nhanocomposites to feed thedonaaftthe TMS swarm directly back to the
MAU [27], [28]. In the latter case, information molecules time form of a microwave contrast agent
such as carbon nanotubes or ferroelectric nanoparticleseaemployed. The nanocomposites do not
provide the position of the swarm explicitly. Instead, th&W performs differential microwave imaging
to localize the swarm [25], [29]. The one-to-one corresoue between the TMS and the transient

electronics or MTB is illustrated in Table I.
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B. System Architecture of TouchCom

We illustrate the TMS-based TouchCom model for drug dejivarFig. 1(b), where the information
molecules are theranostic agents. Nevertheless, theajdraanework is applicable to other user scenarios
such as monitoring and control of food and water qualitieBCN(nuclear, biological and chemical)
conditions, environmental pollution, etc. The loadinggation process is the binding of drug particles
to the TMS and the introduction of the TMS in the vascular rmeknat a predefined injection site. We
abstract the loading/injection operation as the TouchCamstitting process wittbd(¢t) being the
transmitted signal, wher&r is the number of injected particles attached to the TMS &gl is the
Dirac delta function.

As illustrated in Fig. 1(b), the MAU can apply angiographyisualize partially the inside, or lumen,
of blood vessels in the human organ under examination aathient. Current medical technologies can
achieve(0.3 mm resolution with the volume CT and less thaf0 pm with the micro-CT [30]. The
MAU generates a magnetic field, and the TMS sense this fieldnaoek towards its gradient. While
continuous tracking of TMS could be achieved for active gation mode, our approach is based on
defining intermediate aggregation zones (AZs), where theSTdvle gathered to reduce diffusion and
branching losses.

Under passive navigation mode, the position of a TMS swarrasimated upon arrival in an AZ,
resulting in “footprints” observed at the MAU. These are w8haoas circular red regions in Fig. 1(b).
During traveling to the AZs, the TMS swim at different velises and as such they disperse, making the
density too low for tracking [19], [20]. Let’s consider, fekample, the MTB studied in [19], [20], [25]. A
relatively weak magnetic field is generated towards an AZgsehsize can typically be in the millimeter
range. Assume that the boundary of the AZ corresponds tooappately 0.5 Gauss of magnetic field,
with the center ab Gauss. When outside the AZ, the MTB follow the line of magnetic fiel/hen
inside the zone, the MTB are no longer influenced by magndtotnd begin random motions. If the
MTB exit the AZ, the magnetic field forces them to move backhi® zone by magnetotaxis. We abstract
the propagation process [TMS footprints as shown in Fig)]14b the TouchCom channel, where the
transmitted signal is sent via the active transport scheme.

When the TMS reach the destination, the drug particles rfinétion molecules) will be removed from
the vehicles and get assimilated into the targeted sitavadtpthem to perform healing actions. As the
theranostic agent assists in the tracking operation, dibg to the targeted site deactivates the navigator

component. Subsequently, the location where the drugcpestiinally accumulate will give rise to a “sink”
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loaded TMS
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“TouchCom”
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Magnetic Gradient
Generated at MAU

Fig. 2. Operation procedure of the proposed system.

on the visual display of the TMS propagation route. As the TAWi&made of biodegradable electronics or
bacteria, they will dissolve in the blood after completihgit tasks. We abstract the unloading operation
as the TouchCom receiving process withé(¢ — 7) being the received signal, whef; is the number

of particles successfully discharged at the targeted siteras the propagation delay.

In summary, the main operations of TMS only involve proputsand steering, which are achievable
with the current micro/nanobotic technologies. On the ottaad, the complex operations of TMS control-
ling and positioning are performed at the macroscopic MAltitkermore, the small-scale communication
process is facilitated through a micro-to-macro systerhigcture. The operation procedure of the whole
systemis illustrated in Fig. 2. Note that the loop incorpiogaboth controlling and tracking steps underlies

the TouchCom principle to be elaborated in Section IV.

C. Description Methods for the TouchCom Channel

Structures of human vascular systems have been widelyidedansing complex geometrical (fractal)
models according to principles of optimal network formatif81], [32]. The whole vascular tree is
approximated by a dichotomously branching system of tulmesvk as bifurcation as illustrated in Fig.
3. More details on the model of vasculature will be discusse8ection IlI-A. The signal observed at
the receiver has a random amplitude, delay, and angle dusetaregular vasculature. The directional

impulse response widely used in describing traditionaéless channels can be applied to the TouchCom
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TG
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S

Fig. 3. Propagation of TMS in the vascular tree and defingtiohTouchCom channel parameters. The vascular tree is tbrme

of multiple bifurcating branches.

channel. Nevertheless, while traditional channels oftehibit multipath phenomena, the TouchCom

channel comprises only a single path, which can be expressed

h(7,¢) = hod (T —70) 0 (¢ — ¢0) - 1)

According to this model, the impulse response depends @e trandom variables, the path ldss =
Sr/Srt, the delayry, and the azimuthp,. As illustrated in Fig. 3, we define a receiving circular zpne
representing the tumor microenvironment (microvascugtu he path loss is caused by three different
signal attenuation mechanisms, namely, diffusion, brengzland degeneration, which can occur during
propagation of TMS from the injection site to the boundarngief receiving zone. The delaydepends
on the propagation route and the speed of TMS. Finally, timwth ¢ is defined as the angle-of-arrival
at the receiving zone as depicted in Fig. 3.

As in the analysis of wireless channels, we can develop aaspamporal description of TouchCom

channels. The most fundamental quantity is the delay-ahirspectrum, computed by averaging over all
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impulse responses:

Ero(T,0) = aE{h|7,0} fro(T,0) = aE {ho|To = 7,00 = ¢} fro(T, ), )

whereE {-} denotes the expectation operator. The normalization fagtensures thak, (7, ¢) is a
probability density function (pdf).

Following (2), the TouchCom channel azimuth spectrum andydgpectrum are derived as
ESD(QO) = /ET,QO(T7 SO)dT = /OAE {h0|7—0 =T,90 = 90} fT,gD(T7 SO)dT7 (3)
Er (1) = /EW(T, p)dp = / aE {ho|m0 = T, 00 = ¢} fre(T,0)de. (4)
T @

The formulations apply to the ensemble average of many apaalizations of the vascular network,
such that the descriptions can be expressed as a continpecswsn. The parameters in (3) and (4) are
parallel to the definitions of power azimuth spectrum and grodelay spectrum in classical wireless
channels [33], [34].

We can also apply different ways to characterize the amofifoachCom signal dispersion in the
spatial domain, which measures the width of azimuth spett@ne approach follows the classical

definition in [34]:

Op= \// lexp(jp) — po|” Eplp)dep, (5)
[
where
Lo = / exp(j©) =y (p)de. (6)
©

Alternatively, if the azimuth spectrum has a symmetric €heyith respect to the line-of-sight direction
(¢ = 0°), the angular spread can be defined as
¢

— {sa e 0 omas] s [ EulpMe < } (7)
where g, IS the maximum azimuth. This parameter defines the suprenmin df angular extent,
within which the percentage of received signal strengthaspared to the total strength is less than a
sufficiently large value.

Suppose that the delay spectrum is a non-increasing fumdtie to the increased path loss with delay.

The delay spread can be defined in a similar way to (7):

0, =Sup {f’ € [Tmins Tmax) : /T 2 (r)dr < e}, (8)

where 7, and ., are the minimum and maximum delays.
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[1l. SIMULATION MODELS

We present simulation models of the movement and transieatacteristics of a TMS swarm in
vasculature. We first look into the scenario when the blocskels are resolvable on the angiogram. In
the last part of this section, we will describe the models mwitee blood vessels are angiographically

unresolvable.

A. Movement of TMS Swvarm in Vasculature

In order to synthesize the movement of a TMS swarm in the blgskels, a model to characterize
the vascular network should be constructed. Vasculatutieeirhuman body has two basic functions [31].
Firstly, the distributive function is to bring a stream o0bbd to every living cell within the body or organ
and is achieved by successive dichotomous division, ordation. The self-similarity of bifurcation at
each node gives the vascular connection a fractal char&@seondly, the hemodynamic function is to
increase the cross-sectional area available to the bloadifi@rder to bring its velocity down to a level
sufficiently low to permit the exchange of metabolic produatross the capillary wall. This function
governs the relationship between the diameter of the patesgel and the diameters of two daughter

vessels at each node, which follows the generalized Mwsrayy [31], [32]:

df = d}, +dj) . 9)

where subscripf indicates the parent segment and subscript$ and D, 2 indicate the two daughter
segments at the same bifurcation. The expoiikist called the bifurcation exponent, which ranges from
2.0 to 3.0 and determines the fractal dimension of a vascular treeowitg to [32], § is equal to
2.6 ~ 2.7 for the human arterial vessels. For large arteries of syisteirtulation 3 is around2.33. For

capillariesg is near3. The vessel length is proportional to its diameter:

L=Kd, (10)

where K is a constant for given vessels. For small arteries or cam@h K ~ 60.
Vascular bifurcations often exhibit asymmetric structsueh that the two branch diameters differ from

one junction to the other. Define the ratio of the two diamseter
A= ——=, dD72 < dD,l- (11)

For arterial vessels is in the range 0f).59 ~ 0.83 [32]. Substituting (11) into (9) yields

dpa 1 dpa A 12
dp (14887 dp (14 A8 (12)
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The self-similarity fractal dimensiorr, is defined as [31]

In2

Dy = .
In2—In (14 A2) +In (1 + A%

(13)

Murray’s formula also describe the angle between two daargiessels. Definép ; andédp > to be
the angles between daughter brarichnd the parent segment, and daughter brahemd the parent.
The following relationships can be obtained [32]:
dp + d%),l - d4D,2 dp + d%),z - d4D,1

35—, cosfpgo= 5

(2dpdp,1) (2dpdp,1)

The total branch anglép 1 + 0p » between two daughter vessels after division is known agdzifion

(14)

costp1 =

angle, which ranges betwe&in° and90°. The minimum angleér5° is obtained when the two daughter
branches are equal. Arterial branching angle falls roughithe range 060° ~ 80°. For capillaries this
angle is betwee®0° and90°.

Real-life physiological data exhibit a large amount of 8&ain the values of vessel diameters or in the
values of bifurcation exponent [31]. This wide variabilitybranching data should be incorporated in the
simulation studies. Furthermore, as some capillaries arglender that they can hardly be imaged, the
resolvable and unresolvable segments in the vascular neshould be identified to represent a realistic
angiogram.

Based on the fractal character of vascular branching, wegsa random walk process on the vascular
tree as the baseline model for simulating the propagaticm ®MS swarm. The algorithm involves the
following steps.

1) Letqp = (w0, yo) represent the initial position of the swarm, which is defesd by the injection
site and is assumed to be located on a root vessel with diamgteand lengthLp,. The initial
direction is chosen to be aligned with the root vessej@atGenerate a random bifurcation exponent
Bo and a random asymmetry rathy, which are uniformly distributed in the intervalg and Iy,
respectively. These two intervals are dependent on the ajfidood vessel. Lev(t) represent the
time-varying speed of the swarm, which depends on the gingehechanism, the blood velocity,
and the blood pressure. Let 1.

2) At the ith bifurcation, calculate the diameters of two daughter segs)&lp ;1 and dp 2, by
substitutingdp,;—1, 5i—1, andX;_; into (12). Calculate two junction branch anglgs andé; o, by
substitutingdp,;—1, dp,;1 anddp ;> into (14). Generate a binary random numbgre {0,1} that
determines the branching direction (i.e., which of the twgnametrical branches generated at the

ith bifurcation level has a larger diameter).
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3) At the:th bifurcation, generate a random vessel length; 1, which has an exponential distribution

of meanKdp ;i [see also (10)]:

frp., (Lp,i) =

1 Lp,

Kdp ;1 P <_ KdD;;ll) ' (15)
Similarly, generate another exponentially-distributedsel lengthL p ; » with meanKdp ; ». Subject
to a specific controlling strategy as to be discussed in &edl, select thejth (j = 1,2)
daughter segment to be the traveling path after e bifurcation. Definedp; = dp;; and
Lp; = Lp;;. Generate two random variablgs and )\;, uniformly distributed in the intervals
Iz and I, respectively.

4) Check whether the TMS dissolve into the biofluid mediumlet tth (j = 1,2) branch. If the
answer is positive, stop the iteration. Otherwise, go tgp Ste

5) Check whether thgth (j = 1,2) branch intersects the predefined receiving circular zomedt
microenvironment). If the answer is positive, record thstfintersection point as the arrival position

of the swarm and stop the iteration. Otherwise, incremént 1 and go to Step 2.

B. Transient Characteristics of TMS Swvarm

We then consider the characteristic models for the trahgieretics of a TMS swarm, which can be
divided into three different components caused by threferdiit mechanisms: diffusion, branching, and
degeneration. Each mechanism reduces certain percentdage effective TMS in the swarm, and the
overall transience is characterized by the multiplicatffect of these three components. Similarly, we
first consider the situation that the vasculature is angiplgically resolvable.

1) Diffusion: Based on experimental findings (see e.g., [20]), we assuateath agglomeration of
TMS are controlled like a unified organism to swim in the biofumedium. The number of TMS for
each swarm will be typically large. It is thus convenient wabwith their count or concentration in
various volumes of space. The diffusion occurs in a corgdo#invironment in one dimension (i.e., blood
vessel). Between th&h and (i + 1)th bifurcations, suppose that the TMS swarm moves in a blood
vessel whose cross-sectional arealis; = wd%7i/4 and the inside wall of the vessel is impervious to
the TMS. As a coarse approximation, we could quantify the Tdifiision with respect to the centroid

of the swarm by using the result in [35]:

Q;, 12
Uuk(l,t) = ﬁ exXp _ﬁ s (16)

whereQ); ;. is the number of TMS at théth AZ between theith and (i + 1)th bifurcations,D is the

diffusion coefficient of the biological medium im?/sec, ¢ is the propagation timel, is the distance
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between an arbitrary TMS and the centroid of the swarm, 5ai&l a scaling factor accounting for the
discrepancy between the realistic propagation scenarohlitood vessel and the ideal case in an infinite
tube with a perfect reflecting barrier at the source end oftiive. Assume that there is some threshold
densityU* such that the MAU tracking the swarm responds to conceotratof U* and greater. The

limit distance of the threshold volume is

2
_ nQik Qi \T 1
\/4Dt ln AP,iU*\/m fOI' 0 é t S (AP,iU*) TD> (17)

0 Otherwise.

Te(t) =

2
This distance increases through time to a maX|m99§W1/E, at time (AP’iU*> —52» then decreases

to zero at which time the concentration is everywhere belowshold. The time of ultimate fade out is

NQi,k 2 1
AP,i,U* wD"

Subsequently, when only the diffusion loss is considerieel, amount of TMS at thék + 1)th AZ is

obtained as

min{l;k(ti,k,k+1)7zi,k+l}
Qi1 = / ApiUik (I, 4k got1) dl

- min{l;k(ti,k,k+1),LP,i_Zi,k+1

min{l;k(ti,k,k+l)7Z'L,k+1} 77@2 & l2
— / ————exp <—7> dl
— min{li*yk(ti,k,kH),Lp,i—&-,kJrl} \/ TrDt’l,k’,k)-i—l 4Dtl,k,k‘+l

min {li*,k(ti,mﬂ), 5i,k+1} . min {lzk(tz’,k,kﬂ), Lp; — &,kzﬂ}
+er

= Qi |erf
' V4Dt k11 V4D k41

(18)
wheret; ;, 11 iS the traveling time from théith to (k + 1)th AZ, ¢; ., is the distance between the
(k+1)th AZ and theith bifurcation, anckrf(-) is the Gauss error function. The superscdif denotes
diffusion.

2) Branching: At the ith bifurcation (see also Fig. 3), when the parent and daugtedbvessels are
visible on the angiogram, an AZ at the entrance of the intdradighter branch can be set up to greatly
reduce the branching effect. In this case, we will ignorelifanching loss in our simulation studies. On
the other hand, if the vessels are undetectable inside tmamibody due to the limit in sensitivity of the
imaging modality used, it is more difficult to maintain thenwergence of TMS through a carefully set
AZ. One possible remedy is to reduce the distance betweeswaressive AZs. This, however, may not
be practical in real-life applications due to constraintdoung delivery time. In the worst case, the ratio of
the amount of TMS entering two daughter segments is applaixveitthasd%viv1/d%,i’2 and the branching

attenuation is (assuming that the intended path igshdaughter vessefin = d7, ; , / (d%,i,1 + dsz).
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The actual attenuatiop ranges betweep,,;, and1 depending on the displacement between neighboring

AZs, x. For simplicity, we postulate the following exponentialatonship betweep andz:

p(ac) = (1 - pmin) exp <_§0> + Pmin- (19)

The termz is the rate parameter, which is comparable to the lengthebtbod vessel.

3) Degeneration: This measure quantifies the effect of bioresorption, whicimarmalized such that
it ranges from0 (no resorption) tol (complete resorption).

Following the experimental findings reported in [2], [3], ierms of a silicon-based TMS, the sys-
tem exhibits two-stage kinetics in its functional transienFor example, immersion of metal-oxide-
semiconductor field-effect transistors formed using eilicnanomembranes, silicon dioxide gate di-
electrics, and magnesium electrodes, with encapsulairer$ of magnesium oxide and silk, in deionized
water for up to~90 hours caused small change in key device properties.fi8igmi functional degradation
then occurred in a narrow time intervat8 hours) after this period of stable operation. The encapisul
defines the first time scale, whereas the magnesium elestdafame the second. A similar phenomenon
was found in the dissolution behavior of other diode devj2gg3]. Furthermore, a transient bioresorbable
device for thermal therapy was implanted under the skin opea@uie-Dawley rat. Inductive coupling
through the skin generated a localized temperature inengasterilize and maintain asepsis at the wound
site. The functional transience had a time scale of 15 dak#hwvas controlled via the crystallinity of
the silk package. After this time, the device quickly diseamed [3].

Consequently, to synthesize the two-stage kinetics as ageltandom bioresorbing, we model the

transient characteristics based on a dual-slope Lévyegsc

1jo,1) (Le, (A1) Ly, (A1) + 1 o0y (Ley, (A1) if Cp—1 € 0,C7),
Ck =1 1o (Lo (A2)) L, (A2) + 11 o) (L, (A2)) if Cpq € [CF, 1)), (20)

1 if Oy =1,
where Cy = 0 represents the initial condition a5 = 0 when the TMS swarm has just been injected
without any bioresorptionC), andt; (k =1,2,---) are the transient characteristic and total duration of
immersion, respectively, when the TMS arrive at thé AZ. L;, (A;) (j = 1,2) satisfies the following
properties of a Lévy process: (I} = 0 almost surely; (ii) (independence of increments) for @any
t <ty < --- <ty < oo, Ly, — Ly, Ly, — Ly, ---, Ly, — Ly, _, are independent; (iii) (stationary
increments) for any < t, Ly — Ly is equal in distribution tal;_,; and (iv) (continuity in probability)
for anye > 0 andt > 0 it holds thatlimj_.o Pr (|L;+r, — L¢|) = 0. We consider the exponential process

where the probability distribution of,, (A;) — Ly, ,(A;) is an exponential distribution with expected
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value (t;, — tx—1) /A;. In the dual-slope Lévy proces8, < 1/A; < 1/A; < oo are the rates of the
two-stage bioresorbing process. Note that the degenerati®MS in the biofluid medium is irreversible

and therefore(. is a non-decreasing sequence. An indicator funclign L — {0,1} is defined as

o 1 if LeA, 21)
0 if L¢A.
The indicator terms in (20) switch the value ©f, betweenZ,, (for 0 < L; < 1) and1 (for L; > 1),
where the maximum value of indicates complete bioresorption. Furthermore, the catlitpoint C*
determines the boundary of the two regimes of transientikseFinally, the two parametetg = A C*
andtp = AiC* + Ay (1 — C*) are the functional lifespan and physical lifespan of TMSpectively.
In terms of a bacterial TMS (e.g., MTB), the degeneratiorcpss is related to decrease in its terminal

velocity. Initial experiments conducted in human blood#t showed that the velocity” (in um/s) at a

time t (expressed in minutes) after the beginning of operationf®MTB decreased according to [19]
V = 0.0907t> — 8.0966¢ + V, (22)

where V; is the initial average velocity of the MTB prior to being infed into blood. The MTB
would remain effective for a duration of 40 min, and the decrease in speed was probably caused
by the relatively high temperature of blood. The secondeopblynomial regression model in (22) is not
convenient for simulation studies and theoretical analylsistead, we propose to use an exponentially

decaying function to approximate the swimming speed of MiEblood:

V(t) = Vo exp (%) | (23)

wheret, determines the decaying rate of speed with respect to tim@pproximate the relationship in
(22), tg is chosen to be arounth minutes by visual inspection.

The swimming speeds from a large sample of MTB have been mezhby Martelet al. with a video
camera mounted on an optical microscope in reflection-moideostopy using dark-field illumination
[19]. Based on the observation in [19], we could model thenbeal velocity distribution of the MTB
using a truncated Gaussian pdf with mgan= V' (¢) and standard deviation, ~ 60 um/s (i.e. without
a priori selection) oroy =~ 20 um/s (i.e. with a priori selection). As shown in [19], the minimum and
maximum speeds are given By, = 0 pm/s and Vi,.x = 300 pum/s, respectively. Suppose that the
threshold velocity below which an MTB is deemed degeneretéd,. The percentage of effective MTB

upon arrival at thekth AZ, where the total immersion time ig,, can be calculated as the probability
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that the random velocity of an arbitrary MTB, is less thari/;,:

erf |:Vth_7v(tk):| —erf [M}

V 207, \/20%
erf M —erf M
Ve Vi

C. Derivation of TouchCom Channel Parameters

When the TMS swarm reaches the targeted site, the perceafadjeeg consumed during the prop-
agation phase (i.e., the path loss) can be derived by adogufar the three transience mechanisms

mentioned above:

S
ho =28
St
I K; I
Qi k+1 (25)
T2t Lo = (1- G,
i=0k=0 ¢k i=1 —_—
~—~— degeneration
diffusion branching

wherel is the total number of bifurcatiory; is the number of AZs at th&h bifurcation, and the<;th

AZ is the tumor microvasculature as shown in Fig.(& o = St denotes the initial number of TMS.
Furthermore,Q; k, = Qiy1,0 for i = 0,1,--- ,1 — 1. Substituting (18)-(20) and (24) into (25) yields
the overall path loss. The overall delayis given by the submission of all propagation delays between
consecutive AZs as well as the tracking times at these zdhethermore, as illustrated in Fig. 3, the
incident angley is defined as the angle between the line joining the centehefréceiving circular
zone (tumor microvasculatre) and the point where the TM® patersects the receiving zone and the

horizontal axis.

D. Smulation Models for Angiographically Unresolvable Vasculature

When the blood vessels are too tiny to be imaged, the vasoetarork could be approximated as a
homogeneous fluid medium. Subsequently, the movement oT k& swarm can be modeled using a
velocity-jump random walk process [4]. We assume that tharswmoves forward with a time-varying
speed for a time step of random length, which is governed hyigsBn process with turning frequengy
Hence, the mean run length time ligco. The swarm then changes its direction, with the new directio
(angle) generated via the von Mises pdf, which has been cotyramployed in the simulation of
correlated random walks for the distribution of turning ngt each step [36]. The mean of this pdf
depends on the propelling field at the present location ofstiarm and thus introduces a directional

bias. Our movement simulation algorithm involves the fwilog steps:
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1) Letqop = (&0, yo) represent the initial position of the swarm, which is deieed by the location
where it enters the unresolvable zone on the angiogram. it idirection is chosen to be aligned
with the external field a§. Let v(¢) represent the speed of the swarm,the turning rate, and
the concentration parameter of the von Mises velocity (tiioa) jump. Let: = 0.

2) Obtain a random time stefit; as a result of a Poisson process of intensityConsequentlyAt;

follows an exponential distribution of mednw, with pdf
fae, (At;) = wexp(—wAt,;). (26)

Obtain a random anglaé, from the von Mises distribution of meahand concentratior, using

an envelope-rejection method based on a wrapped Cauchipdiitn [37]. The pdf is given by

fae, (A6;)

= 27 To () exp(k cos Ab;), (27)

where I, denotes the modified Bessel function of the first kind and roflleThe distribution is
unimodal and is symmetrical about 0. The mode i at 0 and the width of the angular spread
is controlled byx. For x = 0, the pdf is equal to the uniform distribution; while— oo yields a
sharply peaked distribution about 0.

3) Obtain the new positiofy;+1; = (Z;+1,¥i+1) from the old positiony; = (Z;, y;), givenAt; and Ag;

generated in Step 2, using the simple trigonometry as fallow
Tiv1 = T3 + [/ ’U(t; Z)dt:| COs (HZ + AGZ) (28)
0
and
Uit1 = Ui + |:/ ’U(t; Z)dt:| sin (HZ + AHZ) , (29)
0

whered; is the angle of the external field .

4) Increment by 1 and go to Step 2, unless a stopping condition is reachgd (e swarm dissolves
into the blood or reaches the tumor microenvironment).

The next step is to characterize the transient behavior ®fTMS swarm. Firstly, the diffusion and

branching effects can be combined into a two-dimensiorfalsion process with respect to the centroid

U 1) = -2 Xp< r ) (30)

of the swarm [35]:

~ 4Dt P\ 4Dt
where (@ is the amount of TMS at the origir) is the diffusion coefficient of the biological medium in
m?/sec, t is the propagation time, andis the distance between an arbitrary TMS and the centroid of

the swarm. Similar to (17), assume that there is some thiéstiemsityU* such that the MAU tracking
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the TMS responds to concentrationsdf and greater. The line of concentration Gf at timet is a

circle with center at the centroid and radius

Q ; Q
*(t) = VAPt mps 10 <t < 5250+, (31)

0 Otherwise.

Subsequently, the average number of TMS atitie AZ is obtained as

™ (ty)
Qs z/ 271U (r, ty) dr
0
r*(tr) QT‘ 7,‘2
= - d
/0 2Dy eXp( 4Dtk> " (32)

_[r"(tk)]z
— Q 1—¢e 4Dty

wheret;, is the propagation time from the moment the swarm enters tinesolvable region to thieth

AZ in the region. Eq. (32) ignores the TMS diffusion loss dd#sAZs and assumes that the time spent
in traveling from one zone to another is much longer than ithhe spent at each zone.

In terms of the degeneration loss, the same models as thd20)i{24) can be applied.

IV. COGNITIVE ENGINE FORTOUCHCOM

For the proposed TouchCom framework, the external MAU i abldecide partially the propagation
path of TMS. On the other hand, the movement of TMS is infludrgethe unknownn vivo environment
under surveillance. Furthermore, perception about thestre of blood vessels may change as further
knowledge on the vascular structure is acquired by obsgryia movement of TMS. This in turn, will
affect the trajectory planning in the next round of TMS marexuThis feedback loop motivates adoption
of the cognitive engine as shown in Fig. 4. The engine appliesious measurements of the TMS path
(“environment”), and intelligently optimizes the planginf TMS pathway (“control”), in response to the
perceived surveillance environment variation such as tthuetsire of the vascular network (“perception”)
in real time. The feedback loop from the tracking module te gnopelling field source (“feedback”)
facilitate such a learning process. In this way, a visuapldis of communication channel is provided,
which enables the external MAU to control the movement of TM&“touching” the tangible TMS-
maneuvering space with a guiding force.

In general, there are two criteria for TMS path planning. Tingt criterion aims at minimizing the
propagation delay from the injection site to the tumor méendronment. The second criterion attempts to

minimize the attenuation loss of TMS-assisted drug defivBepending on the structure of vasculature,
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/’ \
Cognitive Engine Envi
Feedback for TouchCom [ nwronment]
~— e

Fig. 4. Cognitive engine for TouchCom.

these two criteria may not always lead to a unique solutiam.gimplicity, the following heuristic rules

for the cognitive engine are proposed in line with the twadetcid mentioned above.

1) When blood vessels are resolvable on the angiogram, thieot@rocess only occurs at each bifur-
cation. The cognitive engine chooses the daughter seginantdsults in the shorter perpendicular
distance from the center of the tumor microenvironment ® dbgment as the traveling path after
the bifurcation.

2) When blood vessels are unresolvable on the angiogramy-atep control is required after the TMS
swarm leaves the previous AZ and is about to reach the nexE&&L, the cognitive engine identifies
the area with the highest concentration of TMS as the next@uhsequently, the direction of the
guiding field is chosen to be aligned with the line connectimg centers of the AZ and the tumor

microenvironment.

These two heuristic rules can be readily integrated intosithmilation steps mentioned in Section 1l

V. NUMERICAL EXAMPLES

We present a study case of TouchCom for silicon-based TM@nziag an external propelling field is
employed to guide the TMS for targeted drug delivery. We amsthat the speed of the TMS swarm
is 0.03 cm/s, comparable to the average velocity of blood flow in capé&r The time spent at each
AZ is assumed to be negligible as compared to the propagttien The injection site is located at the
origin. The tumor microenvironment is a circular area cesdeat (10 cm,0 cm) and having a radius
of 0.5 cm. The diameter and length of the root vessel where the TMSmwsrinjected are).1 cm
and 1 cm, respectively, and the vessel is aligned with theaxis. The angiographically unresolvable

vasculatureV,, is the region defined by > z,, whereas the angiographically resolvable regianis
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defined byz < x,. In the simulation studies, we will consider three diffarandths of the resolvable
region:xz, = 4,6,8 cm.

To synthesize the movement of TMS M,, the bifurcation exponent and asymmetric ratio of the
vascular tree are set to be uniformly distributed[2r6, 2.7] and [0.6,0.8], respectively. The length-to-
diameter ratioK is 40. In terms of the movement of TMS iV, the following model parameters
are usedzw = 0.1 s' andx = 2. To model the path loss, the degeneration parameters aem giv
by A7 = 20 min, As = 2 min, andC* = 0.5. We will consider three different diffusion coefficients
D =1075,10"7,10"% m?/s.

Fig. 5 illustrates a typical path of the TMS swarm when theratary of angiographically resolvable
vasculature and the diffusion coefficient are set tarpe= 6 cm and D = 10~7 m?/s, respectively. As
can be seen from this figure, the trajectoryMip has longer and more regular segments as compared to
V. Fig. 6 shows the degeneration, diffusion, and overalldessorresponding to the trajectory in Fig.
5. Note that the attenuation caused by diffusion increabesptly as the TMS swarm entefi,,. On
the other hand, the degeneration loss increases gradbedlyghout the entire transportation process.

The empirical distribution of propagation time from thedgiion site to the tumor, the pdf of angle-
of-arrival at the tumor, and the pdf of path loss for thrededént values of the diffusion coefficieri
are shown in Fig. 7(a)-(c) based 60000 simulation runs. Furthermore, the delay spectrum and ahimu
spectrum are depicted in Fig. 7(d)-(e). As can be seen frays. Fi(a) and 7(d), both the pdf of delay
and delay spectrum first increase with delay and reach thakimum values. Then, the pdfs decrease
and exhibit a long tail. The pdfs of time-of-arrival are centrated within a broader temporal range
as compared to the delay spectrum. Furthermore, vard@wo not lead to noticeable changes in the
former plots, whereas a largdp results in smaller delay spreads in the latter plots. Ndod, gdf of
path loss is featured by a clustering phenomenon as showigin7fe). It exhibits a peak at around
0 (i.e., the amount of drug delivered is completely attendjpteogether with an asymmetric cluster for
larger values of path loss. AB decreases, the chance of successfully delivering more mhaigcules
increases. Finally, as illustrated in Figs. 7(b) and 7(ejhlihe pdf of azimuth and azimuth spectrum are
symmetric with respect t6°. The value ofD has a negligible effect on the pdf of angle-of-arrival, but
has a remarkable effect on the azimuth spectrum.

We then look into the influence of different sizes of the aggaphically resolvable region on the
distributions. As shown in Fig. 8, all the plots except foe thdf of path loss are insensitive to the
change inz,. Nevertheless, a larger, increases the chance of transporting a larger amount of drug

cargoes to the tumor microenvironment.
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Fig. 5. Simulated TMS trajectory for the diffusion coefficieD = 10~7 m?/s and the boundary of regions. = 6 cm.

Fig. 6. Path loss for the diffusion coefficiei = 10~ m?/s and the boundary of regions = 6 cm.
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Fig. 7. Pdfs of (a) delay, (b) angle-of-arrival, and (c) plass; (d) delay spectrum and (e) azimuth spectrum for thiféereht
values of diffusion coefficient®. In all cases, the boundary of regioas = 6 cm.

July 26, 2014 DRAFT



SUBMITTED TO IEEE TRANSACTIONS ON NANOBIOSCIENCE 22

4.5 0.5
——x =4cm
4
....... X =6cm 0.4
3.5 o '
_____ X =8cm E
5 : E 0.3
T 25 S
- o
=] 2 [=2]
5 S 0.2
15 16
-
B
1 0.1
0.5
0 : i 0 ; ‘ ‘ |
5 10 15 20 25 30 35 180 -120 -60 0 60 120 180
Delay (minute) Angle-of-arrival (degree)
(a) b
1o’ (b)
n
0
K]
=
s
o
f
o
-
T
Qo
Path loss
3 (c)
eXx 10 0.7 —
I xr=4cm —_— xr=4cm
5 Y xr=6cm - o6 | Xr=6cm i
_____ x =8cm c 05 ~8cm ||
E 4 o3
s S 04 ]
|53 (7]
2 34 &
wv
- < 03
3 £
[}
2 i =
e 302
1 1 0.1
0 0 : : : :
5 10 15 20. 25 30 35 -180 -120 -60 0 60 120 180
Delay (minute) Angle-of-arrival (degree)
(d) (e)

Fig. 8. Pdfs of (a) delay, (b) angle-of-arrival, and (c) plss; (d) delay spectrum and (e) azimuth spectrum for thiéerent

boundaries of angiographically resolvable vasculatureln all cases, the diffusion coefficied® = 10~7 m?/s.

July 26, 2014 DRAFT



SUBMITTED TO IEEE TRANSACTIONS ON NANOBIOSCIENCE 23

VI. CONCLUSION

We have proposed a TMS-assisted TouchCom model for targitegl delivery, and analyzed the
system architecture and simulation tools of the proposahéwork. We have also presented numerical
examples to demonstrate the principles of our approactlcifgdly, we have investigated the distributions
of the delay, angle-of-arrival, and path loss, as well asditlay spectrum and azimuth spectrum, which
are important parameters from the perspectives of both daligery and information exchange. The
TouchCom paradigm represents a unified framework that riateg robotics and communications “at
the bottom”, and establishes the useful analogy betweeMth®-based drug delivery and small-scale

communications.
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