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ABSTRACT
The small
challenges for developing robust and dexterousstdolgrip,
cut, and join sub-millimeter structures such asseés and
nerves. The main limitation is that traditional méacturing
techniques are not optimized to create smart, alditng
structures in the 0.1 — 10 mm scale. Pop-up boolMEEs a
new fabrication technology that promises to overeothis
challenge and enable the monolithic fabricationcoimplex,
articulated structures with an extensive catalognudterials,
embedded electrical components, and automated a$gevith
feature sizes down to 20 microns. In this paperdamonstrate
a proof-of-concept microsurgical gripper and evakiaits
performance at the component and device level tmacherize
its strength and robustness. 1-DOF Flexible hingts that
constrain motion and allow for out-of-plane actweti were
found to resist torsional loads of 22.8+2.15n\in per mm of
hinge width. Adhesive lap joints that join indivaddayers in
the laminate structure demonstrated a shear stitengt

26.840.53 N/mrh The laminate structures were also shown to

resist peel loads of 0.7240.10 N/mnVarious flexible hinge
and adhesive lap components were then designedamtbl-

layered structure which ‘pops up’ to realize anieutating

microsurgical gripper that includes a cable-driverechanism
for gripping actuation and a flexural return sprinig passively
open the gripper. The gripper prototype, with finadight of
200 mg, overall footprint of 18 mm by 7.5 mm, &adures as

scale of microsurgery poses significant
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small as 200 microns, is able to deftly manipulalgects 100
times is own weight at the required scale, thus alestrating
its potential for use in microsurgery.

INTRODUCTION

Small joint surgery, such as that in the wrist mgérs,
presents a number of significant challenges dutheolimited
maneuverable workspace and the presence of mamgatdel
structures that must be avoided, including seresitiartilage
surfaces and tendons [1]. Current commercial sjoit-
surgical instruments are limited to straight, sienfols without
any distal articulation which would allow for greatccess and
dexterity inside the joint [2]. In addition, the buast
electromechanical surgical tools at the sub-mmesce¢quired
for these procedures are either impossible or cawialky
impractical to make with existing manufacturing heiques
such as surface/bulk micromachining [3], wire-EDM, [micro-
injection molding, or micromilling/lathing [5]. lis our goal to
apply an emerging micromachining and assembly igalerthat
we have developed to enable robust, dexterous,paactical
microsurgical instruments for small joint repair.

We have developed a novel micro-manufacturing tiegien
known as Pop-Up Book MEMS (‘Pop-Ups’) that alloves the
fabrication of complex, multi-functional electroniemical
devices on the 0.1-10 mm scale [6] [7]. Pop-Uphtetogy
enables the ability to create 3-D, multi-materiadpnolithic
meso and micro-structures
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Figure 1: (left) Layup detail of a hinge created with the Pop-Up IBMEMS fabrication technology [1]right) Device fabricated using Pop-

Up Book MEMS, on a US penny for scale

manufacturing and origami folding techniques. Thethad
draws upon techniques from printed circuit (PC) rdoa
manufacturing, allowing for the straightforwarddgtation of
embedded on-board electronics and power. An exaiRpp-
Up mechanism, featuring a castellated hinge whitdwa the
top structural layer to fold in on itself to appimate pin joint
motion, is shown in Figure (left).

Pop-Up Book MEMS technology is well-suited for shmal
medical and microsurgical applications, as the riepre
enables the manufacture of highly capable and udatied
mechanisms at sub-mm scales. An early example sélia
assembling device manufactured via PopUp MEMS asvshin
Figure 1 (right). The nature of PopUp devices will enable
mechanisms and implants that can be inserted threull
incisions and ‘pop-up’ to assume their functionalrni.
Embedded sensing and actuation can be directlgriated into
the end-effector to allow for distal actuation afekdback
sensing in teleoperative and cooperative robotnagos.

While great innovations have been created with Bpp-
fabrication, such as flying microrobots or selfexsbling
structures [7], no work to date has been done tohamcally
characterize the strength and robustness of Pogeljges. As
our objective is to build devices that will mechaally interact
with the human anatomy, it is crucial to understémal forces
that these devices can withstand to ensure furadtiomgevity
in a mechanically interactive environment. In tiedowing
paper, we begin with an overview of the Pop-Up BMKMS
manufacturing process. We provide a discussion lud t
robustness evaluation experimental methods and emptrres
significant results of the evaluation. Finally, vpeesent the
design, fabrication, and evaluation of an actuatgippper
prototype developed using Pop-Up MEMS.

POPUP FABRICATION PROCESS

Mechanisms created with the Pop-Up technology ai
typically composed of a number of layups consistirfigfive
sub-layers: a flexible (polyimide) layer sandwichbdtween
two structural layers, with adhesive in betweenhdayer (see
Figure 1). The number of layers scales roughly vd#vice
complexity. In this work, 304 Stainless Steel i®disas the

structural material, and Kapton® (developed by DntPads
used as the flexible polyimide. Dupont FR1500 acrgtihesive
is used to join the layers.

An overview of the fabrication process is illusg@t~igure
2. Beginning with a 2D CAD model of the device eiribr and
alignment features on each individual layer conipgisthe
layup are machined via laser ablation using a dmaeped
solid-state (DPSS) laser. Each layer is then deburif
necessary and exposed to a two-step cleaning pro¢ts
Isopropyl Alcohol soak and ultrasonic clean (80°fdC 10
minutes) to remove surface-level particulates, éjdplasma
etch with argon gas (0.40 mbar at 2-4 sccm for & to
remove contaminates and improve the surface midurte
The layers are then prepped for lamination and s#utictural
layer is ‘back-tacked’ to deposit the adhesivendtaon each
respective layer such that the adhesive protedtasking can
be removed and disposed of. The entire laminaterrisd via a
two-hour curing process where heat and pressurgpg6®00°
C) are applied to set the adhesive. Following step, the layup
is released from the surrounding alignment scafiidthg the
DPSS laser and mechanically ‘popped up’ to assuhge t
functional form of the prototype. From start toidim, the entire
fabrication process takes approximately 10 hours.

!

Lasercut interior, alignment
features on individual layers

Ultrasonic clean and etch
with Argon plasma

Lasercut final release

Tack and cure composite laminate

Figure 2: Pop-Up manufacturing process illustration
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COMPONENT DESIGN AND EVALUATION

Further development of PopUp technology with specif
application to medical devices and microsurgicaligapent
requires a thorough understanding of the forces HwpUp
structures can withstand. The technology was aallyin
developed for flying microrobots, so strength-taigié ratio
optimization was key. As such, limited work hascsirbeen
done to characterize the strength and robustnesshese
structures as this had not previously been a pyintksign
consideration. As we are developing mechanisms wilt
manipulate and interact directly with soft-tissues performed
a robustness analysis to mechanically charactetize
technology and improve our understanding of thensfth
capabilities of Pop-Up structures at sub-millimedeales. This
work will guide future manufacturing process optiation and
design projects.

EXPERIMENTAL METHOD

To evaluate the robustness of the Pop-Up fabricatio
process, a subset of frequently used components theid
strength properties measured and failure modes iagadm
These failure modes are: (1) lap shear failure ltieguin
adhesive delamination (layups both with and withdloé
flexible Kapton layer), (2) delamination via peallfire, and (3)
castellated hinge failure via torsional loading. Qustom
aluminum jig with an elastic hinge, capable oftfda clamping
components <50@m thick, was fabricated so that the small
specimens could be evaluated using a standard idatarsile
testing machine (Instron Model 5566 with 1 kN stadad cell).
lllustrations of each strength test, as well asgesaof test
specimens undergoing testing, are shown Figureap. shear
samples featured an overlapping area of adhesiogsist shear
forces, as per the ASTM protocol set forth in [Rhp peel
samples were of similar design, except with perpmialr tabs
to obtain a pure peeling motion. Hinge samplesufeat a
castellated hinge with a 10mm lever arm to provadeending
moment about the hinge.

For each failure mode, a meaningful parameter veaee
to obtain trend data for use as scaling guidelimeguture
mechanism design. For lap shear and peel failurdesolap
area of adhesion was varied (1m@mnf, and 5mrh for lap
shear; 3mrh 9mnf, and 15mrhfor peel). For castellated hinge
torsion, hinge width was varied (1mm, 3mm, and 5mm)

Five specimens were tested for each varied paranete
obtain a statistically meaningful dataset with whio compute
confidence intervals. Given 3 variables for 4 teattotal of 60
tests were performed to characterize the robustoésthe
technology.

ROBUSTNESS RESULTS

Raw instron data from each experiment were recortied
addition, a representative sample from each test fueher
analyzed under a scanning electron microscope (SEM)
examine any significant qualitative observationgareing the
failure mode. An example raw force/extension cuyeeerated

[ stainless Steel
[ Acrylic Adhesive
[ Polyimide Film

Figure 3: PopUp strength test specimeftsockwise fromtop left)
Steel-Kapton-Steel Lap Shear, Steel-Steel Lap Sheastellatec
Hinge Torsion, Steel-Kapton-Steel Lap Peel
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Figure 4: Test data for castellated hinge torsion, dematisty

effects of stress concentrations inducing failuteset shows

microscopic image of castellated hinge pre-test

Adhesive

Figure5: SEM image of Kapton failure at castellation
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Force/Extension Curve

Table 1: Robustness resultsummary. * values denote 9!

140 — confidence intervals
3mm?
120 1mm? Layup No. Samples | Value
100+
Shear Strength DI]] 15 26.8:053  N/mm?
(per unit area)
Z sof
= Shear Strength [[l 15 221:1.60  N/mm?
4 (per unit area)
S 60}
w peml Senath [II]] 15 0724010  N/mm?
(per unit area)
40+ Hinge Torsional
Strength (per m]:l 15 22.8+2.15 N
20+ g : TR unit width)
/_g_..s.-——ﬂ \‘1 \
= LT has the largest 95% confidence interval isiogghl
ol i i L . ! as e larges 0 confiaence Interval, compri
0 0.02 0.04 0.06 0.08 0.1 0.12 9 ’ P y

Extension (mm)
Figure 6: Example results of Steel-Kapt@teel lap shear failur
demonstrating effects of increasing lap area

from the castellated hinge torsion failure evahlmatis shown in
Figure 4. The inlaid image is an optical microscojpmage of
the castellated region pre-testing. In additionS&M close-up
of the failure region for this sample is shown igufe 5.

Aggregate loading curves for Steel-Kapton-Steeldhpar
evaluation for the three different lap areas (1mas) are
shown in Figure 6. Loading curves were relativebngistent
and devoid of statistical outliers, and scale apipnately
linearly with lap area, as was hypothesized. Sintilends were
observed with Steel-Steel lap shear, Steel-Kaptert$ap peel
and castellated hinge torsion evaluations.

Raw data were post-processed in MATLAB (Mathworks,

Natick, MA, USA) and a statistical analysis was fpaned.
Failure modes of interest were plotted against vasied
parameter for that particular test, and linear esgion was
performed to obtain strength data as a functiotheffeature
size. Standard measurement errors in slope wereudech
using a least-squares approach with 95% confidasseming a
student-t distribution of data [10].

Linear fits for each dataset are given in Figur@), (b),
and (c). The results are tabulated in Table 1. Dmdalysis
indicates that trends are sufficiently linear; ps&kngth data

Lap Shear, Both Layups
160 T

Peel, Steel-Kapton-Steel

13% the magnitude of the fitted linear functionheTremaining
tests had confidence intervals to within 10%, destrating
sufficient statistical confidence in the resultotél that, in the
case of hinge torsional failure, a power fit miries the
residual, but the trend is sufficiently linear inetregion of
interest.

DISCUSSION

Results generated from the robustness evaluati@n
extremely encouraging. We have demonstrated thatUpo
components can withstand appreciable shear andorats
forces, and have quantified these failure modekerinterest of
guiding future manufacturing process optimization #op-Up
mechanism design work. The absence of outliers kspéa
process and manufacturing consistency which is siog as
the fabrication process is not performed in a aleam.

ar

An interesting phenomenon was observed upon further

inspection of the castellated hinge torsional failuesults,
demonstrated in the example empirical results shiomfigure
4. Observe the step-like pattern in the torque/esitenunder
high stress. This occurs because the corners ofsthel
castellations pierce the Kapton layer, resultindaiture. This
effect is further highlighted in the SEM closeupwsh in Figure
5. The sawtooth-like pattern of the failed Kaptondent in
Figure 5 has edges that roughly align with cornefsthe

Castellated Hinge Torsional Failure

o Data (With Kapton) o Data 160 o Data H (B “
inear Fi -~
40 T e ror Linear Fit 140 Linear Fit
=120l T &= predicted *  Standard Error T x  Standard Error
z A Data (Without Kaptor) g € 120 —~~Log-Log Fit
@ Linear Fit ° 10 0
£ 100 Standard Error o =
hd 5 3 100
o w =1
§ 80 Winax~A*Tyrs 3 g a0
° 60 P =
Y 35 g 6o
g 40 & T
20 2 T
/ : i
SRV ES 53.1wl7?
0 i i i i H 0 i i i i H I i i . .
0 1 2 3 4 5 6 2 4 6 8 10 12 14 16 00 1 2 3 4 5 6
Lap Area (mm?) Lap Area (mm?) Hinge Width (mm)
() (b) (c)

Figure 7: (a) Lap Shear Failure test results (data and lifiafor Steel-Steel layup (Red) and Steel-Kapfteel (blue) layup, with predicted
failure profile given ultimate shear strength ofydic adhesive, (c) Peel failure test results, astellated hinge torsion failure test resultsgdat
linear and power fit)
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castellations, implying failure due to stress caonions
induced by the castellations. In addition to visealdence,
audible cues were present during testing (sequéeptaping’
noises immediately before ultimate failure) implyithe same
conclusion. Based on this insight, castellatiomeos examined
in this work were given a 50m curvature radius, and torsional
strength more than doubled over unrounded castdllhinges
in previous designs as the stress concentratiachg@d on the
Kapton film were significantly reduced.

Another interesting result from the post-processeth,
illustrated in Figure 7(a), is that the lap shemmnples with the
Steel-Steel laminate performed worse than thode thié Steel-
Kapton-Steel laminate. This result indicates that inclusion
of the Kapton intermediate layer actually improviegup
adhesion and shear resistance. It also indicatasthie quality
of adhesion improves proportionally with the amoohKapton
present, given by the difference in slope. The théehind this
is that exposure to argon plasma improves the cuigaergy of
Kapton, thereby improving its overall adhesive mnties [11].
Argon-treated Kapton has a larger polar surfacerggne
component (~60 mN/mm) than argon-treated 304 Sissnsteel
(=50 mN/mm) [11] [12]. Since acrylic adhesive islgroby
nature, Kapton forms a stronger bond with the agkahan the
steel, which must rely on weaker dispersive (Vam-Daals)
bonds. This is a possible explanation for the sldigerepancy
observed in Figure 7 (a).

Overall, the magnitudes of shear resistance andehin
torsional resistance are far beyoadpriori postulations. For
comparison, given a yield strength ef, = 520 MPa for
stainless steel, the tensile stress (stress nomn#the cross-
section) in a 5mm wide by 50m thick stainless steel coupon
with a 5mnf lap area i$18 MPa at lap shear failure. Thus, the
shear resistance of the adhesive joint is apprdeiyas strong
as the tensile strength of the steel itself. hbserved that peel
failure is the weakest link, but compensatory desigrk can
be undertaken to ensure that this failure mode mieappens in
practice, including interlocking structural elem®nbd prevent
overextension. The linear trend computed for eaelchanism
will allow for mechanism scaling in future desigronk once
design forces and loads are determined.

MICROSURGICAL GRIPPER CONCEPT

In order to demonstrate the feasibility of PopUp MW for
developing miniature medical devices, the manufamu
process outlined previously was used to develojiceosurgical
gripper prototype that includes a number of theeadte lap
joints and hinge joints evaluated in the previoest®n. The

prototype was designed with a form-factor (1Immx10mm

gripper jaws) consistent with microsurgery requieats in an
effort to fabricate a gripper for the robotic wgpkesented in
[13]. The gripper was designed with cable-drivetuaton for
the closing mechanism and a flexural spring thatliep a
restoring force to passively open the gripper. Aasptual
image of the gripper prototype is shown in Figure 8

Interior ) Passive Restoring
Castellated Hinge Element (Resting)
[ 11

Structural
Fd \ Ground
Gripper
Actuating Cable

Jaws
(No Force)

N4
‘ \o(m%(‘o(ce
S

Qe

Actuating Force
Applied

Figure 8: Microsurgical gripper functional illustration

PASSIVE RETURN DESIGN

In designing the passive return, a tradeoff exXisttveen
gripper closing range-of-motion (spring compliancahd
restoring force (spring stiffness), so serpentipeings were
evaluated empirically and analytically for both dfiese
characteristics. The spring is in its resting stateen the
mechanism is popped open, and would deform outlarfiep
when actuated to provide a restoring force whenaitteating
force is removed. The complicated behavior of tipeing
deformation (out-of-plane, as demonstrated FigQinga@rants a
more rigorous analysis than simple first-principles

The spring return was designed using a quasi-acallyt
process with empirical validation. The stiffness@tteristics
were approximated via an analytical model of seipen
springs (out-of-plane deflection, as in side viemFigure 9) to
obtain order-of-magnitude flexural behaviors [14].

6, Deformation in z-direction

E Young's modulus of 304 SS steel

F Applied force

G Shear modulus of 304 SS steel£/2(1 + v))
1, Second moment of area

Jo  Torsional moment of inertia
Ks, Out-of-plane stiffness, z-direction

l, Minor length

L, Major length
N Number of turns

6EL,GJ,
(N +1DI3GJ, + (16N? + 36N2 + 43N + 3)I2L,EL,

Ks, (1)

6 l 2

R ()
Several spring designs were fabricated and chaizete
empirically in a tensile testing (Instron) deviae verify the
analytical approximation. Example behaviors of tdisparate
flexure designs are shown in Figure 10. The residtaonstrate
excellent agreement (less than 10% spring constamit in both
cases) between the estimated (Eq. 1) and empiesalts in the
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Side View

Top View
Figure 9: lllustration of serpentine spring pattern, demaatsig out-
of-plane deflection
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Figure 10: Analytical and experimental behavior of stiff (low

compliance, high restoring force) and soft (highmpbance, low

restoring force) passive flexural elements

linear region of spring operation. Once the loaspdicement
curve becomes sufficiently nonlinear (>5% deviatityom

linear fit), the spring is assumed to have plalijicdeformed,
thus setting an upper-bound on spring range-ofanotnd
gripper stroke.

The frictional resistance inherent to the castetlahinge
joints (due to stiffness of the Kapton, the preseatresidual
adhesive in the vicinity, etc.) is currently unkmgwo the stiffer
spring with the behavior shown Figure 10 was emgdoin the
prototype design to provide sufficient restoringct against
this hinge frictional component.

MICROSURGICAL GRIPPER DESIGN & FABRICATION

An exploded CAD model of the gripper prototype,
implementing the flexural return spring describdabe, is
shown in Figure 11. The entire structure consiétélolayers,
with 304 Stainless Steel sheet stock (@h thick) as the
structural material and 2pm thick Kapton polyimide film as
the flexible material.

The gripper was fabricated using the manufactypingess
outlined in a previous section. The manufacturedpgr in its
‘un-popped’ (post-release) configuration is showrFigure 12.
By folding up the notched flaps on the structuratl ef the
gripper (the right half), the notches on the bottager fit into
the slots on the top layer, locking the grippeniits fully-
assembled (popped) configuration. Solder or a cb@dhesive
can be applied to these interfaces to fix the gnipip this

@ 304 Stainless Steel (1,5,7,11) 10 11

B Acrylic Adhesive (2,4,6,8,10)
I Kapton© Polyimide (3,9)

Figure 11: Exploded assembly rendering of gripper proto

Retiirn Cable Anchor

Spring \ \

./.u i
Interior y -
Hinge External

| | 5 min Hinge

Figure 12: Un-popped gripper prototype with feature callouts

/

Gripper

Jaws
Locking

Flaps

configuration. A drawbeam is machined directly ittte bottom
layer with an alignment interface for installatiofi cabling,
which when pulled actuates the foremost interioighito close
the gripper. Two external hinges constrain any svarse
movement between upper and lower gripper jaws abalpure
closing motion is achieved.

An image of the ‘popped-up’ gripper manipulatingy3mm,
1.5-gauge (m) straight-taper suture needle is sHeiyare 13.

Figure 13: Gripper prototype manipulating a suture neeieset)
close-up of gripper interior actuation hinge
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The gripper is capable of full closure when actdaly the

cable attached to the interior hinge. As desigrikd, gripper

returns to an ‘open’ position when actuation loadeimoved. As
can be seen, the stiffness of the spring is langaigh such that
the gripper approximates an ‘alligator’ closing foottypical of

commercially-available forceps and grippers.

Benchtop tests were performed where the gripper was

actuated to grasp and lift sequentially increasicajbrated
weights. The gripper can manipulate steel weiglptsau20g,
which is roughly 100 times its own weight of 200lligiams.
The grip force upper limit is set by a poor frictignterface
between the gripper and the object, as well as tange in the
gripper jaws given the 10:1 length-to-width aspetio.

CONCLUSIONS

In this paper, we have established the utility op®Rp
Book MEMS fabrication for the development of medlica
devices by demonstrating that these devices caeratel
significant forces before failure, including jostiear stresses of
26.8+0.53 N/mrfi and hinge torques of 22.8+2.15n\n per
mm of hinge width. Failure behaviors were showrbé&very
predictable with no incidence of statistical ouslie Strength
guantities determined from this evaluation willus®ed to create
scaling laws to aid in the design of future Pop+hiprodevices.

In addition to the robustness evaluation, we desigand
fabricated a gripper prototype with active cablaxen
clamping and passive flexure-driven opening. Thé&pgr
operated as designed and was able to manipulagetek] 00
times its own weight, further demonstrating theueabf the
Pop-Up fabrication process for microsurgical insteunt
development. Successful demonstration of thisategrovides
a springboard for future medical device developmasing
Pop-Up book MEMS.

Future work will include the investigation of effecof
manufacturing process variations on mechanical st@ss in
an effort to streamline and simplify the fabricatiprocess.
Biocompatibility of composite materials will als@ Istudied in
a simulatedin vivo environment. In order to comply with the
design requirements set forth in [13], parallelsahgy gripper
jaws are required, so further work is necessanddeign a
spring with the required compliance such that pelralosure
can be achieved. We will investigate the feasipitif directly
machining surface features into the jaws, implemgnhigh-
friction rubber coatings, and implementing embeddad
stiffness features to improve clamping force peni@nce. With
these improvements, we predict an overall improwena
gripper jaw clamping force, and a more robust meigm
overall. The gripper will also be outfitted with rs®rs to
measure force and other physiological signals amdtable
for integration with the robotic system discussed[13] to
realize a force-feedback teleoperative microsutgigstem.
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