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Engineering and Applied Sciendes Figure 1. Schema_\tlc rgpresentatlon of the VAD and position of

Wyss Institute for Biologically Inspired Engineering septal anchor during diastole (A) and systole (B).

Tufts UniversityMechanical Engineeririg sheath and so must be no greater than 6.5mm in its folded

Boston ChildrenOs Hospitddarvard Medical Schobl state. When deployed, it must be capable of withstanding up to
7N in order to meet the requirements of the VAD [2]. The

1 Background unassembled anchor mechanisas designed using 3D CAD

software (SolidWorkg and the custom 2D CAD software

Heart failure (HF) is a serious condition in which the heart®popupCAD(E], which has beerdeveloped to design muiti
cannot pump sufficient blood to sustain the metabolic needs qfyer |aminates for foldinggased 3D mechanisms. The
the body. A common indication of failure is a low ejection mechanism consisti of two sublaminates: the first (bottom)
fraction, or the volumetric proportion of blood ejected whengypjaminate forms the base of the anchor and the ddtap)
the ventrice contracts.In endstage HF, spport from a  syplaminate utilizes abistable parallelogram for peyp
ventricular assist device (VAD) can assume some or all of thginfolding during deployment.
heartOs pumping work, improving the ejection fraction and Fabrication. For each rigid layer of the laminate, three
restoring normal circulationVAD therapy options forend  sheets of singldayer of carbon fibecompositewere cured
stageright heart failure RHF) are limited, with onlya few  togetherat orthogonal anglesesulting with a thickness &0
FDA-approved devices available for mechanical circulatoryr m. 251 m thick kaptonandheat activated adhesive (Pyralux
support [1]. These devices are based on continuous flow;50q0 DuPonjwereused for flexible layers which generate the
impellers and despite anticoagulation therapy, use of currentfiexures and adhesive layers whiblond the layers ofhe
available VADs isassociated with thrombogeniskisince the  |aminate, respectively.Each layer was nidividually cut
blood must contadrtificial non-biologic surfaces according to the design usingdaser micromachining system

An implantable VAD for RHF based on soft robotic (Oxford Lasers After cutting each layer, the carbon fiber and
pulsatile assistanchas previously been propos¢d]. This  kapton were treated using a plasma etcher andntrcured
device is comprised @fcontractile element that imehored to  together usincheat activationOnce cured, the laminateas
the ventricularseptum and the right ventricle (R¥feewall.  cut one last time so that when released from surrounding
The deviceis programmed to contract in synchrony with the material, the final geometry remaitiand the inner layensere
native hearbeatand assist in approximating the septum andfree to pop opeiiFig. 3). The final device weighs 70 mg, and
free wall togethemn order to augment blood ejecti¢fig. 1).  the diameteis 6 mm when it completely folded, and 15 mm
Potentialadvantages of this approach include reduced risk ofiwhen it fully deployed The device design can easily be
thrombosis, since there is no blood flow through the lumen ofnodified to include additional layersFig. 3C shows an
the device, and the possibility for minimally invasive jmplementation of thprototypethat incorporates aadditional
deployment of the device under ultrasound guidance. kapton layer tdmprove the contact with the tissue.

A key component in this VAD conceps the anchoring
mechanism that couples the contractile actuator to the
ventricularseptum.n this work, wereport design, fabrication
and testing ofa new septalanchordesign We exploit the
emerging technology of pepp MEMS [3] in order to fabricate
a collapsible anchoring mechanismOrigamkinspired
engineering and pepp MEMS manufacturing techniques
have previously been used fibevelopingdisposable and low
cost medical tols and devicef4]. The pop-up anchor can be
deployedinto the left ventricle (LV)via a standard delivery
sheath We validate the load bearing ability of the anchor and
demonstrate deployment in ar vivosimulation.

2 Methods

Design. To create afoldable mechanism that does not Figure 2. A. The pop-up anchor consists of 13 layers of rigid
require manuahssembly, pojup MEMS designtechniques  (carbon fiber), flexible (kapton), and adhesive (Pyralux 1500)
wereused In this processylayerd laminatevas created with materials_, showr_1 with gray, yeIIow_, and blue, respectively. B. The
rigid, adhesive,and flexible layers that resultsin a final ~ anchor is designed using SolidWorks and popupCAD. C.
mechanism with a high level of complexity (Fig.Zhe anchor Fabricated popup anchor prototype in the foreground, other

. . rototypes, including one with an additional kapton layer in the
was requiredto befreely deployedthrougha 24Fr delivery Eackg):gund. I 9 P y
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Figure 3. Prototyping the septal anchor involvedaser machining,
layer addition, lamination, and a release at. The final device is
ready for useimmediately following the release cut.

3 Results

Load bearing. The anchomprototypewas subjected t@a

load bearing test using materialstesting system (Instron Figure 5. Ex vivo deploymentof the pop-up septal anchorin to the

Materials Tester 5544A, Instroty) determine itslurability. A~ LV (A-D). (Scale bar: 5mm.)

custonized fixture was used tsimulatethe in vivo loading ~ VAD. Although the materials used in the currdasign are not

conditions on the anchofirst, the anchor was subjected to a biocompatible, they have both ferrous and -femous

cyclic load of 7 N for 60 mintes at60 bpm (Fig.4A). Then,  biocompatible substitutes. Another concern about the septal

the applied load was increased up to 30 N five times at a stead@nchor is the sharp corners and edges. Due to the flexibility in

rate, where the anchor was still fully functional. Finalp,  the design and manufacturing processes, additional laydrs suc

additional testvas performed until failure, whicbccurredat as a surgical mesh can be added to prevent contact of sharp

approximately35N (Fig. 4B and . This compression test edges with the tissue. Furthermore, the device can be fully

vdidated thatthe load bearing capability ¢fie pop-up septal  coated with biocompatible flexible materials, such as parylene

anchorwas beyond the requiremeat 7N of force applied on  without interrupting the device functiofruture work will

the walls of the heart in [2]. include furber design refinement to incorporate the anchor
fully with the VAD and toattain biocompatibility for in vivo
testing without damaging tissuegn vivo MRI studies will
allow accurate, neimvasive assessment of the Rihction
during operationAdditional and more rigorous testing of the
anchor will be performed to assess its ability to withstand
cyclical loading wherimplantedin a heart.This is the first
proposed medicatlevice implant applicationusing popup
fabrication methodsThe flexibility of the design process
allows the use of different materiadt a range ofphysical
scales This fabrication technology may enable more

Figure 4. A. The pop-up septal anchor was subjected to a cyclic sophisticated medical implant designs in the future.
force at 7 N for 60 minutes a0 bpm. The first and last 10s of the

test is presented in blue and red, respectivelf3. The popup septal Acknowledgements
anchor can function under forces as high as 30KC. Failure occurs
at approximately 35N. I nset shows the test setup schematically. The authors gratefully acknowledge support from the Wyss

Ex vivo simulation. We demonstratéthe feasibility of Institute for Biologically Inspired Engineering. In addition, the
anchor deployment in ax vivostudy using aisolatedoorcine prototypes were enabled by equipment supported by the ARL

heart. Both ventricles were pressurized to levels that can bQURIP program (award #W911NF3-1-0311)
expectediuringRHF. The access through the RV free wall and References
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