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This article is the second part of a two-part review in which we explore the biomechanics of the sensor—tissue
interface as an important aspect of continuous glucose sensor biocompatibility. Part I, featured in this issue of
Journal of Diabetes Science and Technology, describes a theoretical framework of how biomechanical factors such as
motion and pressure (typically micromotion and micropressure) affect tissue physiology around a sensor and
in turn, impact sensor performance. Here in Part II, a literature review is presented that summarizes examples
of motion or pressure affecting sensor performance. Data are presented that show how both acute and chronic
forces can impact continuous glucose monitor signals. Also presented are potential strategies for countering
the ill effects of motion and pressure on glucose sensors. Improved engineering and optimized chemical
biocompatibility have advanced sensor design and function, but we believe that mechanical biocompatibility, a
rarely considered factor, must also be optimized in order to achieve an accurate, long-term, implantable sensor.

Introduction

The importance of biomechanics in glucose sensor

function is underappreciated. In this review, we look
beyond commonly recognized chemical biocompatibility
to explore the biomechanics of the sensor-tissue interface
as an important aspect of continuous glucose sensor bio-
compatibility. Biomechanical factors including motion
and pressure give rise to interfacial stresses, which affect
tissue physiology around the sensor and in turn, impact
sensor performance.

The objective of this article (Part II of a two-part series) is
to review the literature that relates biomechanics to sensor
performance and to explore application of biomechanical
concepts to sensor design. It follows a sister paper!,
featured in this issue of Journal of Diabetes Science
and Technology, which presents a theoretical framework
of biomechanical factors that affect percutaneous and
fully implantable glucose sensors. Part I establishes the
importance of biomechanics and explores three main
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contributors to sensor motion and pressure: 1) applied
forces, including compressive, tensile, and shear contractile
forces; 2) sensordesign, including size, shape, modulus,
surface texture, and percutaneous tethering; and 3) subject/
patient considerations, including movement in various
animal models, tissue compartment, exact sites of implanta-
tion within a given compartment, anesthesia or level of
sedation, and acute, direct pressure from lying on the
sensor. Motion and pressure can affect tissue-sensor contact,
interfacial stresses, tissue abrasion, local inflammation
and metabolism, cytokines and production of other
cellular products, microbleeding, blood flow, lymphatic
disruption, interstitial fluid mixing, and development of
the foreign body response (FBR), including vessel density
and capsule formation.!

In light of the above framework of the biomechanical forces
acting on sensors and surrounding tissue, a review of
related literature is warranted. Because literature
references of continuous sensor data with corresponding
biomechanical analysis or even mere recognition that
motion or pressure could impact sensor performance
are scant (see Table 1), our survey includes other
subcutaneously implanted biomaterial studies that relate
soft tissue response to motion or pressure. There is a much
larger body of literature on biomechanics of hard tissue
implants and in particular, the effects of micromotion on
bone implants.>® However, this review focuses on soft
tissue, particularly subcutaneous tissue, as this is the
compartment most typical for sensor placement.

Table 1 summarizes all glucose sensor studies we identified
in the published literature that note some relation between
sensor performance and motion or pressure. These sensor
references and other examples from related literature that
discuss both chronic and acute effects are discussed later.
Finally, we describe potential strategies for countering the
ill effects of motion and pressure on glucose sensors and
describe some of the challenges ahead.

Faulty Sensor Data from Pressure of Lying
on Sensors

Evidence of acute compressive effects on continuous glucose
monitor (CGM) function was, to our knowledge, first
reported in 1994 by Gilligan and colleagues’ in a study
using dogs. Castle and Ward!® also observed that direct
pressure over the sensor site in canines led to a transient
loss of current, which they hypothesized was most
likely due to a temporary reduction in local blood flow.
In humans, compression (pressure) at the sensor site is
believed to be responsible for anomalous hypoglycemic

measurements reported at night time, particularly when
patients lie directly on the sensor.!

To illustrate acute pressure effects in animals, Figure 1
shows CGM and blood glucose data that was collected
as part of a closed-loop experiment.!> Percutaneous (PerQ)
sensors (FreeStyle Navigator, Abbott Diabetes Care, Inc.)
were inserted into a pig’s right and left flanks. As illustrated
in Figure 1, the pig lies directly on the sensor during
sleep and accordingly, the sensor signal drops. When the
pig awakens and rolls off the sensor, the signal recovers.
In a second example (Figure 2), CGM data from a female
patient wearing a DexCom SEVEN sensor (DexCom Inc.,
San Diego, CA) on her abdomen is presented (trial details
reported elsewhere).3* Again, during sleep, the patient
rolls onto the sensor and the sensor signal drops as
compared to the blood glucose levels. Once the nurse
urges the patient to roll off her sensor, compression is
relieved and the sensor signal increases. In the authors
own experience, compression arising from restrictive
clothing such as a tight beltline directly over a CGM device
when in the seated position can also cause a decrease
in CGM signal. Petrofsky and colleagues®™ examined
belt compression on the midsection of human subjects and
measured pressures as high as 150 kPa, which were
observed to occlude skin circulation. These examples clearly
demonstrate the acute effects from direct pressure on the
sensor and surrounding tissue.

7

Patient Activity and Sensor Settling

In a study by Gilligan and colleagues,'® fully implantable
sensors were surgically placed into the abdominal
subcutis of humans. The authors reported that one of
the five sensors never tracked glucose, and upon ex vivo
examination, it was discovered that there was no tissue
ingrowth into the sensor housing. The authors believe
that the subject’s high activity levels postimplantation
may have generated high shear forces that prevented
the implant from anchoring to the tissue and that the
lack of vasculature near the sensor interface prevented it
from ever functioning properly” In a different study
with the same type of subcutaneous (SubQ) sensor, Garg
and colleagues'® took more cautious measures to limit
sensor motion in their human studies of 15 devices.
The implants were surgically immobilized and the patients’
activity was restricted for 72 hours and vigorous activity
prohibited for 2 weeks to allow the tissue around
the sensor to heal without mechanical disturbance.
Well-designed studies that demonstrate the impact of
reduced motion during healing after CGM implantation
are lacking.

J Diabetes Sci Technol Vol 5, Issue 3, May 2011 648

www.journalofdst.org



Biomechanics of the Sensor-Tissue Interface—Effects of Motion, Pressure, and Design
on Sensor Performance and Foreign Body Response—Part Il: Examples and Application

Helton

Table 1.

In Vivo Studies of Percutaneous (PerQ) and Fully Implanted Subcutaneous (SubQ) Glucose Sensors that
Mention the Impact of Motion or Pressure on Sensor Results”

Implant | Animal | Number of | Duration . Implant Measurements/ Results/conclusions that relate to
) L Implant site : . . Reference
type model implants in vivo size metrics motion and pressure
Implants surgically immobilized;
Surgically specifically restricted activity
subQ | Human 1/person | Averaged immobilized Size of AA Sensor 72 hours anc_i no vigorous gcthlty Garg, 2004
n=15 144 days | . battery performance for 2 weeks in order to limit
in abdomen L
sensor motion; 13 of 15 sensors
functioned
a?ok:/ioggpus Acute artifacts in sensor
97, 152, 7 cm L x signal observed during subject -
1/person muscle lateral Sensor ) . Gilligan,
SubQ | Human 174, 175, - 3.2cm W x movement; lack of tissue-sensor 1
n=>5 to midline, performance . . 2004
298 days P 12cmH integration and absence of sensor
inferior to . ) ) :
o signal attributed to patient motion
umbilicus
Not 60% of continuous glucose
1/person reported, monitors reported values <60 mg/dl
Abdomen )
n=9 estimated Sensor but serum glucose was not truly Mauras,
PerQ Human 24 hours or upper . 1
2/person buttocks 20 mm L x performance low; data support anecdotal reports 2004
n==6 0.7 mm W x of inaccurate CGM hypoglycemic
0.2 mm H values, particularly at night
5 24 72 Caudoventral (L not Hypothesized that fibrin observed
PerQ Pi 4/animal hc;urs'and direction at | reported) x Capsule throughout the implantation period Kvist. 201019
9 n=16 45° to the | 820 um W x| Fibrin deposition | was due to sensor damage to ’
7 days : .
skin 310 um H vessels during movements
7 cm Movement and pressure
. Sensor .
1/animal 3049 interscapular 8cmL x performance hypothesized to alter sensor
SubQ Dog N incision; 4.5 cm W x o sensitivity (disrupt capsule, Ward, 19992
n=27 days (in vivo and ) .
sutured to 25cmH L capillary network, and/or fluid
; in vitro) )
skin surrounding sensor)
s Dog falling on table caused rapid
ensor 2 .
. Paravertebral | 7 cm L x dip in sensor signal, followed by -
1/animal 20-114 . performance . . Gilligan,
SubQ Dog thoracic 3.2cm W x P rapid return to expected response; 9
n =10 days . : (in vivo and ) 1994
implantation 12cmH L firm pressure over sensor also
in vitro) - I
elicited dip in signal
SubQ: 3x less collagen and 3x
1/animal 5-7 cm Microvasculature | "¢ vessels in porous vs bare
PerQ: constant disregard
PerQ n=12 below 0mm L x Capsule : . 2
14, 21 mechanical stimulation; (bare Koschwanez,
and Rat PerQ scapular 0.7 mm W x Sensor ; 21
days - VS porous microvasculature and 2008
SubQ n=3 region on 0.2 mm H performance o .
SubQ dorsum (PerQ only) capsule not significant); porous
sensor signal lower than bare but
less variability
2-8 cm PerQ: constant mechanical
1/animal below Microvasculature e }
. stimulation; no difference
PerQ n=11 scapular 20 mm L x Perfusion .
} (vascularity or sensor performance) | Koschwanez,
and Rat SubQ 14 days region 0.7 mm W x Sensor . ) 2
. between bare vs porous; benefits 2010
SubQ n=17 (dorsally); 0.2 mm H performance ) .
of porous coatings outweighed by
PerQ sutured to (PerQ only) )
motion (PerQ)
muscle
1-3/animal Various 1 mm L x . -
PerQ Rat n =22 up to 60 locations on 0.55 mm Sensor Imp_lantatlon protocol optlmlze_d to Long, 2005%
days . performance minimize long-term macromotion
total dorsum diameter
. 1.5 cm Short:
2/animal laterall 10 mm
n =16 to dors};l Lona: Sensor Better longevity and sensitivity
PerQ Rat short 28 days e g performance was attributed to less micromotion | Ju, 20102
midline; 30 mm
n=16 Capsule of the shorter electrodes
3-4 cm ~0.55 mm
long .
caudally diameter

4 No published studies have been designed specifically to study the impact of motion and pressure, but these reports at least acknowledge
the role of motion or pressure on sensor performance.
b length; W, width; H, height
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Figure 1. Pressure from sleeping on a sensor causes an anomalous dip in signal. PerQ sensors (FreeStyle Navigator) were inserted into the pig’s
flank using the sensor delivery unit provided with the sensor. When the subject slept on the sensor, the signal dropped markedly (first arrow)
and no longer tracked the plasma glucose levels. When the subject rolled off the sensor, the sensor signal recovers (second arrow). Data provided
by Dr. Ed Damiano, Boston University. Details are found in a conference abstract.!? BG = blood glucose.

A Plasma glucose (YSI)
2501 © CGM glucose (Dexcom 7)

Patient rolling onto sensor

3

)

E

§ 200 o A ,/i

=

S 150

o

8 J‘d

0 1 00 .........

o

8

g 50

5 Nurse asks patient to roll off sensor
0
18:00 00:00 06:00

Time of day

Figure 2. Errant human CGM data due to compression during sleep.
Human CGM and plasma glucose data from a DexCom SEVEN
sensor (worn on the abdomen) collected as part of a closed-loop
trial performed at the Clinical Research Center at the University of
Virginia. Blue arrows denote incidences where patient rolled onto her
side and compressed the sensor. When urged by a nurse to roll off
the sensor, sensor compression decreased and sensor signal increased.
Data provided by Dr. Kovatchev and Dr. Breton. Details of trial are
found in conference abstracts.!>1

Sensor Movement within a Mature
Capsule

It has also been suggested that if the sensor is not anchored
within the foreign body capsule, sensor movement in the
capsule occurs and alters sensor performance (personal
correspondence with Jim Brauker). Ward and colleagues®
described fluid masses surrounding SubQ implants in
dogs and found that fluid and sensor movement affected
sensitivity. The authors hypothesized that trauma such
as the animal bumping up against the cage may disrupt
the foreign body capsule and the local microvasculature,
thereby creating functional instability.? Additionally, the
delicate tissue—sensor interface can be disturbed by device
migration and other trauma that should be “scrupulously
avoided.”® In a second patient from the Gilligan study,
there was a clear change in sensor response when the
subject stood up (Figure 3).° The authors hypothesized
that the change in sensor signal was due to postural
effects, that is, the compression of the blood supply
that produced a blood perfusion and/or oxygen-limited
response.’® However, the sensor was most accurate when

J Diabetes Sci Technol Vol 5, Issue 3, May 2011

www.journalofdst.org



Biomechanics of the Sensor-Tissue Interface—Effects of Motion, Pressure, and Design

on Sensor Performance and Foreign Body Response—Part Il: Examples and Application

the patient was sitting, when compression effects seem
more likely. Therefore, it is possible that the sensor’s
movement within the capsule rather than compression
of the tissue surrounding the sensor was to blame for
sensor signal fluctuations. Sensor movement may cause
loss of contact or change in position with the capsule
wall. Another reason that could explain these temporal
sensor signal fluctuations is mixing of the interstitial fluid
(“ISF mixing”),® particularly if the capsule permitted
movement of the sensor within the ISF exudate. Because
of the consumptive nature of glucose oxidase sensors, a
concentration gradient likely existed around the sensor
as was observed by Prichard and colleagues.®® Sliding
of the sensor would disturb this gradient, thereby
creating a variable signal. Sensor movement could also
momentarily aggravate localized cells and cause an
upregulation of their glucose consumption, causing the
glucose concentration at the sensor interface to change.
By reducing the size and mass of the sensor, there
will be less device motion, allowing for more rapid
integration, reduced settling time, and also resolution
of the postural effects.’® Presumably, a smaller, lighter
sensor that integrates with the tissue would be less likely
to move during postural changes.

Sensor Motion in Rodent Models

Undoubtedly, large forces are at play in rat studies
where sensor migration is evident and even visualized.??
Experimentally, a common failure mode is pulling or
removal of sensors,’’* which can result in abrupt and
catastrophic losses of sensor function. Some researchers
use specialized gear (e.g, mouse jacket)? specialized
housing (e.g, tether/swivel bowls)?” or specialized
catheters,”® and many report using additional sutures or
adhesives to help stabilize sensors, especially in small
animal models. The intent is primarily to minimize the
removal and destruction of sensors by the animal, but
despite these efforts, migration due to animal movement
and/or loosening of sutures is a common problem in
the first 24-48 hours after implantation. Even if sensor
removal or destruction is avoided, from our experience,
repetitive tugging or scratching leads to greater
inflammation around PerQ implants as observed in
histological analysis. Anderson?® also describes device
motion as being a source of chronic inflammation.

Long and colleagues® examined a series of PerQ device
configurations in rats in an attempt to improve sensor
functionality while maintaining animal mobility and
welfare. Their sensor design requirements included dura-
bility from mechanical forces (e.g., rubbing, scratching,

Helton
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Figure 3. Motion affects sensor performance during a glucose-tracking
study in a human subject conducted 103 days postimplantation. The
continuous, fully implanted SubQ sensor (-e-) closely tracks blood glucose
reference data during a glucose bolus until a significant drop in sensor
signal is noted when the patient stands (circled in red). The deviation
in sensor signal was attributed to postural effects (i.e., compression
of the blood supply in the tissue). However, the change in patient
posture could have also caused motion of the sensor relative to the
surrounding tissue, triggering changes in tissue—sensor contact and/
or mixing of localized glucose concentration in capsule exudate.
Figure adapted from Gilligan and colleagues.®

etc.), resisting epidermal migration, and immobilization
of the sensor in the tissue without the need for harnesses
and tethers connected to swivels.”?% The preferred
implantation protocol involved three sensors passing
through a single winged catheter hub and was the best of
the methods tested for minimizing the size of the PerQ
site and providing stable protection and easy access to
the miniature sensor wires. Although this PerQ sensor
method prevented damage and degradation of the sensors
from migration, it is unlikely that there was significant
reduction in micromotion, and the authors reported that
tissue reaction to the implanted sensors still affected
sensor performance.

In another study from Moussy and colleagues®, the impact
of sensor motion was evaluated using two different
sensors with long or short electrode lengths. After 4 weeks
of implantation, 75% of sensors with short electrodes
were functioning, while only 50% of long electrodes still
tracked glucose (1 = 8 each group). There was too much
biovariability to draw conclusions about the effect of
length and motion on sensor performance. The authors
postulated that longer electrodes had a greater range of
motion and that motion may have caused tissue damage
and affected sensor readings. Since the sensors were
tethered at the incision point, it is possible that the stiff,
longer electrode rotated about the suture (ie, a fulcrum).
As described in Part I of the review,! this fulcrum effect
was demonstrated in a three-dimensional sensor-tissue
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model showing that a suture or tethering site may act
as a fulcrum about which the sensor pivots and changes
the nature and location of stress concentration along
the sensor.®! Another important point is that due to the
differences in electrode lengths, the actual site of sensing
(e.g., distance along animals’ dorsum to tip of sensor)
varied by at least 20 mm. Precise implantation and the
sensing site are also important considerations, which
was discussed in Part I. Beyond the work of the Moussy
group, there are no known experiments in the literature
that were specifically designed to assess the impact of
in vivo motion on sensor performance.

Sensor Motion in Porcine Models

In larger animals such as pigs, the shear forces arising
from subject ambulation and tissue compression that
can arise from skin stretching over the implant are
expected to be less significant than in rodents, as the
implant is relatively smaller compared to the animal
and tissue of implantation. However, even small, chronic
forces that generate sensor micromotion may be
important throughout the implantation period. Kvist and
colleagues' examined the tissue-sensor (PerQ) interface
to characterize the histomorphological changes and
quantified gene expression of various immunomodulatory
genes in a porcine model of PerQ glucose sensors.
Extreme care was taken to minimize the movement of the
sensors, including fixing sensors externally to the skin
with tape, covering the area with a nonadherent dressing,
and fixing sensors with circular bands of adhesive and
stretchable tape around the thorax and cranial abdomen.!?
The results of the gene expression analysis reported by
Kvist and colleagues' coincided with the inflammatory
response to implanted medical devices reported by
Anderson.?® Interestingly, the presence of fibrin, identified
by immunohistochemical staining, was noted at the
sensor surface throughout the implantation period (7 days).
Fibrin was not expected to be present after the initial
wound healing response. The authors hypothesized
that the ongoing presence of fibrin was due not only
to the increased vascular permeability resulting from
inflammation but also from the movement of the sensor in
tissue causing physical damage to the vessels and leading
to microhemorrhaging in the vicinity of the sensor.”

Reduced Interfacial Stress via Porous
Coatings around SubQ Sensors

Koschwanez and colleagues®?? evaluated the tissue
environment surrounding nonfunctional SubQ sensors.
The goal of these studies was to reduce fibrosis and promote

microvessel formation by coating the sensing element
(MiniMed sensor leads) with porous poly-L-lactic acid
(PLLA). The porous coating presumably anchored the
sensor in the tissue and distributed interfacial stress over
a larger surface area. The porous-coated SubQ sensors
exhibited significant improvement in vascularity (almost
3x more vessels) and decreased collagen deposition
(3x less collagen within 100 um). In a second study by
the same group, a window chamber model was used
to allow direct monitoring of the microvasculature
surrounding sensors over 14 days.”? Again, PLLA porous-
coated and bare sensors (fully implanted, nonfunctional
SubQ) were tested and the microvessel number, patency,
and orientation were visualized nondestructively using
fluorescent dyes. As expected, a significant increase in
cumulative microvessel length led to significantly higher
laser Doppler flowmetry values adjacent to porous-coated
sensors compared to bare sensors. Unfortunately, the fully
implanted sensors were nonfunctional (intentional in the
design of the experiment) in both experiments, and
therefore, it was not possible to evaluate the effect of the
porous coatings on sensor performance. Actual sensor
data would elucidate the balance between the positive
attributes of increased tissue integration and presumably
reduced micromotion and the possible negative effects
of increased settling times and inflammation, which was
likely caused by the degrading porous coatings.

Micromotion of PerQ Sensors Offsets
Benefits of Porous Coatings

While the porous coatings on subcutaneously implanted
sensors significantly improved FBR compared to noncoated
sensors, the same benefit was not observed in the
exact same sensors implanted percutaneously. There was
no significant difference in the FBR as determined by
histological analysis of collagen deposition and vessel
density between bare and porous-coated PerQ) sensors in
either study?? Koschwanez and colleagues? attributed
significant collagen surrounding both PerQ porous and
PerQ bare sensors (~1-5x compared to SubQ but highly
variable) to the additional mechanical forces on PerQ
sensors. The authors also state that suturing the plastic
hub connector to the rat dermis may have further
contributed to chronic mechanical stress and irritation
of the tissue, resulting in increased inflammation.??
They also suggested that increased -capillarity (~2-7x
compared to SubQ but highly variable) in this case was
induced less by surface texturing of the porous coating
and more from mechanical irritation resulting from
normal rodent movement (ie, ambulation, grooming)
and scratching.?? Therefore, the authors concluded that
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beneficial effects of the porous coating on tissue response
surrounding PerQ sensors were obscured by the effects
of constant mechanical stimulation.

Although there were no statistically significant differences
in the highly variable histology, the authors note that
the porous-coated sensors experienced a more rapid
signal reduction after sensor implantation (Figure 4).*!
The signal drop could have been due to the settling
period described in other studies.?** The consistently
lower sensor signals as compared to bare sensors could
have been caused by the twofold increase in collagen
deposition within 100 um of the sensor coating as
suggested by the authors. Based on our observations,
another possible reason for lower signals could be the
increased presence of inflammatory cells surrounding
the porous, degradable, sensor coating (see Figure 4 in
Koschwanez, 2008).2 The authors also observed that
porous-coated sensors exhibited less signal fluctuation
(noise) during the experiment, which was probably due to
better tissue integration preventing sensor displacement
and minimizing the shear stress arising from animal
motion (Figure 4). Thus, the histological advantages of
porous coatings demonstrated in biomaterial studies and
for SubQ sensors were not replicated for PerQ sensors.
The differences most likely arise from the varying forces
affecting PerQ and SubQ sensors and the resultant sensor
motion. Therefore, sensor performance was neither
extended nor improved through the implementation of
degradable porous coatings on PerQ sensors.?222

Micromotion from Breathing and Pulsatile
Blood Flow

Although glucose sensor literature is limited in its
discussion of micromotion, it has been recognized as
a primary concern for implants in neurosurgery and
neuronal electrophysiology.””?* The effects have been
quantitated under various physiological conditions!”
and computationally modeled.®® Micromotion around
implanted brain electrodes has been shown to affect
sensor performance, and Gilletti and colleagues17 measured
micromotion normal to the brain surface and its
dependence on surgical and physiological conditions
(e.g., craniotomy size, integrity of dura mater, electrode
position). Micromotion of 10-30 um due to respiration
and 24 um due to pulsatile blood flow were measured.”
The authors also noted that anesthesia had an effect on
tissue displacement and measured a difference of approxi-
mately 60 wm between anesthetized and conscious
states. Unfortunately, the neural electrode performance
was not characterized in this study, so the impact of
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Figure 4. Effects of sensor design on continuous monitoring of
interstitial glucose. PerQ (A) bare and (B) porous-coated sensors
(Medtronic MiniMed) were implanted into the dorsum of rats and
data continuously monitored for up to 21 days. Porous-coated sensors
initially experienced a more apparent and rapid signal reduction
compared with bare sensors (slope of blue arrows). However, unlike
bare sensors, sensors with porous coatings exhibited less signal
fluctuation (noise between red bars) over time. Figure adapted from
Koschwanez and colleagues.?!

brain micromotion on electrode signals is not clear.
However, the authors concluded that these displacement
data provide insights into the biomechanical stressors
affecting long-term neural implant functionality. Although
these findings were generated with electrodes in brain
tissue, they highlighted the importance of recognizing and
systematically evaluating micromotion and underscored
the importance of extending this work to subcutaneously
implanted glucose sensors.

Application of Biomechanical Concepts to
Sensor Design

In addition to the host of other strategies to enhance
biocompatibility and minimize the FBR, improvements
to sensor design should include strategies for reducing
mechanical interfacial stresses. We purport that any
development effort considering only chemical strategies
to enhance sensor—tissue interactions will be limited
by a partial view of sensor biocompatibility. To reduce
external forces and interaction with the device, a fully
implanted sensor design is preferred. Sensor design
specifications need to be considered that will improve
the in vivo soft tissue response including stabilization in
the tissue, modulus matching, surface topography, and
sensor size. After understanding the factors contributing
to motion, some sensor prototypes designed for the
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research animal model (e.g, methods for securing to
skin, tunneling leads under skin, etc.) may require form
factor redesign specifically for use in a given animal
model and subsequent optimization for clinical trialing
in humans. Pressure sensors, skin blood indicators
(e.g., laser Doppler), and oxygen sensors may be valuable
tools to enhance our understanding of the short-term
forces that affect blood and oxygen perfusion around the
sensor. Micropressure and/or microshear sensors (e.g,
strain gauges) and motion analysis techniques® would
enable rigorous study of micromotion and pressure on
sensor performance. Placement of redundant sensors
on different parts of the body is another strategy to
circumvent acute pressure perturbations in CGM signal.

Ideally, to minimize biomechanical forces, a sensor would
be made of materials that closely match the modulus
of the implantation tissue. In fact, von Recum and
colleagues® suggested choosing first a material based on
its mechanical properties and then adjusting its surface
chemistry to improve biocompatibility. One approach to
improving biocompatibility has been the use of thermo-
responsive hydrogel coatings as self-cleaning membranes
to minimize biofouling.’” Yet to be determined, however,
is the impact on biocompatibility of biomechanical forces
from the swelling and deswelling of the hydrogel on the
surrounding tissue. Flexible sensor designs have been
described for long-term subcutaneous implantation,®
yet many materials used in the medical device industry
have a modulus in the range of 1-200 GPa and above.*”
Even polymers such as polyurethanes (~60-600 MPa) are
much stiffer’ than the viable layers of skin (0.1 to ~260 kPa,
excluding the stratum corneum).*#-5! Furthermore, skin is
a complex tissue comprising several different layers, each
with different mechanical properties.*” Skin properties
also vary with location on the body* and healed skin
can differ significantly from native tissue®*? and will
change over time. Therefore, matching the properties
of skin under dynamic conditions poses a formidable
engineering challenge.

Surface topography (e.g., porous or pillared) has been
shown to improve the vascularity near implants and
reduce fibrosis,®® although these effects have been less
obvious for PerQ devices.??>?* In cases where porous-
coated sensors were fully implanted, long-term data are
reported,?¢185758 albeit after several weeks after surgical
implantation and under constrained physical activity.
Still, increasing the surface area of the sensor through
microtexturing will distribute the mechanical stress
over a larger surface area and reduce the magnitude of
forces transmitted to any one point in the surrounding

tissue. Future SubQ sensor design efforts should include
reduction in size®® and thickness.®® Smaller sensors can
be injected or implanted through microincisions that are
less disruptive to the local tissue and require less time to
heal. Thin sensors may avoid mechanical discontinuity
between tissue layers® that causes stress concentrations
and microtrauma.®* Finally, corners and edges have been
recognized as locales of high stress concentration and
increased collagen density.®> While collagen density at
corners is high, the capsule appears thinner (see Figure
4B in Part I of this article). The trade-off is not clear
between capsule thickness and density, but we note that
thickness and density vary with location. Transport to a
sensing element at a corner or tip having a thin, dense
capsule will likely differ from transport to a sensing
element along a smooth, planar surface where a thicker,
less dense capsule is expected. Based on the modeling
of Novak and colleagues,® vessel density, which to
our knowledge has not been characterized at corners
compared to smooth planar surfaces, will be more
critical to driving transport than the differential capsule
thickness or density.

Conclusions

Although limited, there is discussion in the literature
of tissue biomechanics affecting continuous glucose
monitors. A broader exploration of the biomaterial literature
demonstrates the impact of not only large-scale forces but
also the detrimental effects of small-magnitude forces
arising from subject activity and mismatch of material-
tissue properties. However, the mechanobiology of the
tissue response is still poorly understood. Future studies
that quantify the impact of applied forces would be
of great interest, and this type of mechanistic insight
would benefit future engineering efforts. Sensor design
criteria should include the reduction of interfacial stresses
and biomechanical factors should be considered in
experimental models (e.g., sensor site, animal mobility,
etc). To enhance biomechanical biocompatibility, a sensor
should be soft in order to closely match tissue modulus,
small to reduce tissue displacement, and microtextured
(porous or pillared surfaces) to reduce interfacial stress
concentrations. To achieve these design input require-
ments, there remain significant engineering Challenges,
not least of which are development of novel materials and
further miniaturization of componentry. With Part I! of
this article providing a theoretical framework, and this
article (Part II) providing specific examples from literature,
we hope to raise awareness of critical biomechanical
considerations in implantable sensor design and testing.
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