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An Implantable Magnetic Drive Mechanism for
Non-Invasive Arteriovenous Conduit

Blood Flow Control
Nicholas A. White , Sander L. van der Kroft, Koen E.A. van der Bogt , Timo J.C. Oude Vrielink ,

Christian Camenzuli , Jean Calleja-Agius , Juan A. Sánchez-Margallo ,
Francisco M. Sánchez-Margallo , Huybert J.F. van de Stadt, Jenny Dankelman , Joris I. Rotmans ,

and Tim Horeman

Abstract—Objective: Hemodialysis patients usually re-
ceive an arteriovenous fistula (AVF) in the arm as vascular
access conduit to allow dialysis 2–3 times a week. This
AVF introduces the high flow necessary for dialysis, but
over time the ever-present supraphysiological flow is the
leading cause of complications. This study aims to develop
an implantable device able to non-invasively remove the
high flow outside dialysis sessions. Methods: The devel-
oped prototype features a magnetic ring allowing external
coupling and torque transmission to non-invasively control
an AVF valve. Mock-up devices were implanted into arm and
sheep cadavers to test sizes and locations. The transmis-
sion torque, output force, and valve closure are measured
for different representative skin thicknesses. Results: The
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prototype was placed successfully into arm and sheep ca-
davers. In the prototype, a maximum output force of 78.9 ±
4.2 N, 46.7 ± 1.9 N, 25.6 ± 0.7 N, 13.5 ± 0.6 N and 6.3 ±
0.4 N could be achieved non-invasively through skin thick-
nesses of 1–5 mm respectively. The fistula was fully col-
lapsible in every measurement through skin thickness up
to the required 4 mm. Conclusion: The prototype satisfies
the design requirements. It is fully implantable and allows
closure and control of an AVF through non-invasive torque
transmission. In vivo studies are pivotal in assessing func-
tionality and understanding systemic effects. Significance:
A method is introduced to transfer large amounts of energy
to a medical implant for actuation of a mechanical valve
trough a closed surface. This system allows non-invasive
control of an AVF to reduce complications related to the
permanent high flow in conventional AVFs.

Index Terms—Arteriovenous fistula, Design, Hemodialy-
sis, Implantable device, Transcutaneous energy transmis-
sion.

I. INTRODUCTION

MOST patients suffering from end-stage kidney disease
turn to hemodialysis as renal-replacement therapy [1],

[2], [3], [4]. For hemodialysis, blood is taken from the body,
passed through an external dialysis machine that filters the blood
of waste products, after which the ‘clean’ blood is returned
to the body. It is estimated that around 3 million patients are
undergoing hemodialysis globally [5].

For chronic hemodialysis, a high-flow and easily accessible
vascular access site is necessary, as dialysis is usually performed
in 3 sessions of 4 hours per week [6]. In most cases, the arm
(Fig. 1) is chosen as the most suitable vascular access site due
to the superficiality of the vessels that facilitates frequent can-
nulation. However, flow through these vessels is to be increased
from roughly 30 mL/min to the > 600 mL/min required for
hemodialysis [7]. Since 1966 [8], this has been achieved by
surgically placing an anastomosis between a major artery and
vein in the arm, an arteriovenous fistula (AVF), as shown in
Fig. 1(a). The difference in pressure between the artery and vein
creates a low resistance pathway for blood that promotes an
increased flow through these vessels. After placement, the vein
expands over time to accommodate the increased flow through
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Fig. 1. Graphic representation of (a) an end-to-side arteriovenous fistula (AVF); and (b) locations of AVF placement in the human arm. 1) In the
snuffbox. 2) In the wrist. 3) In the forearm. 4) In the elbow fossa. 5) In the medial upper arm. Adapted from [11].

a series of complex mechanisms [9] before usage is possible,
known as maturation. If the vein accommodates a flow of >
600 mL/min and has a minimum diameter of 5 mm, the vascular
access is considered patent [10]. AVFs can only be placed where
major veins and arteries are in close proximity (Fig. 1(b)). The
preferred primary placement location is usually the wrist. When
the vascular access fails here, more proximal locations can be
used, where patency rate is higher, but vascular access-related
complications are more frequent [7].

Unfortunately, primary patency of AVFs (i.e., mature and
functional without intervention) at 1 year is estimated at only
60% [12], resulting in high reintervention rates due to the ne-
cessity of a vascular for hemodialysis, as well as high costs [13].
Moreover, there is a multitude of complications that can hinder
functionality or is associated with the presence of the vascular
access such as thrombosis, distal ischemia and aneurysms, most
of which are linked to the constantly elevated and turbulent flow
of blood through the anastomosis [14], [15]. Additionally, a
well-functioning vascular access results in a higher burden for
the heart, primarily due to the constantly elevated cardiac output,
resulting in ventricular hypertrophy [16], [17].

A lot of research has been conducted on improving vascular
access outcomes, but no large breakthroughs have taken place
since the introduction of the AVF. Most recent innovations focus
on optimizing local hemodynamics, but show limited benefits
[18], [19]. The supraphysiological flow causing complications
remains ever-present, whereas dialysis is only performed for
a limited number of hours per week [6]. A vascular access in
which the anastomosis can intermittently be opened and closed
as shown in Fig. 2, could remove the unfavorable high flow when
not in use, while maintaining the functionality of the high-flow
vascular access for dialysis. This could greatly improve patient
outcomes.

A. Working Principle of the Controllable AVF

Removing the high and turbulent anastomotic flow for the
majority of the time is expected to result in a drastically reduced

Fig. 2. Illustration of how an adjustable Arteriovenous Fistula (AVF)
could control the flow of blood for hemodialysis.

complication rate. However, it must remain possible to increase
the flow sufficiently to allow successful dialysis. Simultaneously
preventing infection and rejection risks, and additional damage
to the anastomosis, e.g., in the form of traction on the sutures
and vessels is crucial. Directly compressing the blood vessels is
therefore not considered a feasible solution. A very short piece
of synthetic graft, used for vascular access in certain cases, will
form the anastomosis in a side-to-side fashion, shown in Fig. 2,
where fully compressing this graft will block flow and allow
circulation to return to normal, while preventing the formation
of thrombi (Fig. 3) [20]. Alternatively, the anastomosis could
remain in a minimal flow setting as to minimize risks resulting
from high flow. Moreover, switching between a fully closed
and fully open position and vice versa instantaneously may
cause issues relating to changes in blood pressure, so a delay is
required. Allowing different stages between fully open and fully
closed positions can allow more accurate control and prevent
flow greatly exceeding the necessary 600 mL/min.
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Fig. 3. Illustration of how the AVF should be closed to minimize the
risk of thrombus formation in the lumen of the graft outside of dialysis
sessions.

The anastomosis is a crucial and fragile anatomical region.
Directly applying mechanical force and energy to an implanted
actuation device on this area is therefore considered an additional
risk. As the outflow vein must remain accessible for frequent
cannulation, the decision is made to disconnect the valve mech-
anism that manipulates the graft from the actuation mechanism,
which can be placed at another location along the arm. An
added benefit is that the actuation device location is not limited
to potential AVF sites and can be placed at locations where
more space is available, e.g., in anatomical fossae. The two
components can be connected through a flexible transmission
cable. Whereas primary vascular access placement is preferred
in the wrist, target AVF locations are the elbow fossa in the
posterior forearm, and the medial upper arm fossa between
the biceps and triceps muscles. These locations are thought to
provide more space for an implant, whereas the increased risks
of an upper arm AVF relative to the wrist should mostly be
mitigated with this concept.

Healthy systolic blood pressure values are already around
120 mmHg (16 kPa), but end-stage kidney disease patients often
have the added burden of hypertension [21]. Manipulating the
anastomosis to control blood flow will thus require significant
mechanical energy. Non-invasive methods of supplying energy
to implantable medical devices are currently limited and out-
put is generally low [22], [23], [24], whereas batteries require
additional complexity for conversion to mechanical work. Con-
ventional implanted energy supplies will likely make long-term
usage of a dynamic AVF infeasible.

B. Contributions

This study provides a design synthesis of a fully implantable
device that enables non-invasive transmission of mechanical
energy to a valve that is able to control blood flow through an
AVF. A unique aspect of this device is the energy transmission
mechanism that enables repeated AVF closure over prolonged
time. The resulting prototype is ready to be utilized in a large
animal model in vivo study to provide insight into biological

Fig. 4. Incision made in the cubital fossa of a cadaveric arm. The
cephalic vein and radial artery are exposed. (a) shows the use of blocks
of clay, and (b) shows 3D-printed implant mock-ups utilized to determine
the available design space and actuation method of the device to be
developed.

responses of actuation of mechanical components transcuta-
neously, as well as intermittently opening and closing an AVF
[25]. First an overview of the design requirements is defined,
after which the design synthesis and assessment methods of
requirements are described, including benchtop experiments and
in situ cadaver studies. Finally, results and future perspectives
are discussed.

C. Design Requirements

The primary design requirements are as follows:
1. The device must be fully implantable subcutaneously to

minimize risks of e.g., infection [26];
2. Energy transmission for actuation of the device is non-

invasive, through a skin thickness up to 4.0 mm (SF2)
[27];

3. The device manipulates the luminal area of a commer-
cially available graft placed as a side-to-side anastomo-
sis;

4. Anastomotic flow is in the range of 600–1000 mL/min
for dialysis when the graft is opened [10];

5. Anastomotic flow is 0 mL/min when the graft is closed,
at a pressure of 180 mmHg [28];

6. Resultant forces on the graft and vessels do not cause
tearing of anastomotic sutures;

7. There is at least 1 intermediate stage between fully open
and fully closed to control flow to a preferential value
[7];

8. It takes at least 15 seconds to change the graft from fully
open to fully closed [29];

9. Mechanical and biological lifetime of at least 10 years,
or 1560 cycles

10. All materials in the device that are in direct contact
with bodily fluids and tissues are used in other marketed
implants and surgical instruments [30];

11. The device can be cleaned and sterilized according to
ISO standards [31];

Additionally, a systematic placement, dimension and skin
actuation study was conducted on a cadaveric arm, partially
shown in Fig. 4. Supplemental File 1 elaborates this study. The
valve dimensions were determined with blocks of clay molded
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Fig. 5. 3D-model overview of the actuator component of the prototype and the working mechanism. 1) PEEK hood, 2) neodymium magnets, 3)
3D-printed magnet holder, 4) 316L Stainless Steel (SS) spiral, 5) 316L SS pin and follower, 6) 316L SS backplate and groove for the follower, and
7) external magnets used to apply torque Te to the actuator through an identical set of magnets. Upon rotating the external magnets, the actuator
magnets rotate and guide the pin through the spiral in 1 linear degree of freedom through the groove in the back plate to generate output force
Fpnon-invasively through a gap thickness ofe. Models were made in SolidWorks (Dassault Systèmes, Paris, France).

to different shapes and dimensions. The actuator dimensions and
tactile energy transfer methods were assessed by implanting var-
ious 3D-printed models, with the maximum dimensions being
found as a 35 mm diameter disk with 10 mm thickness. The
results indicate that the maximum dimensions of the valve are:
width 10 mm, height 15 mm and length 30 mm. All actuation
methods that rely on exerting pressure (e.g., by the fingers)
on the skin were considered infeasible as a means of energy
transfer. They remain very challenging due to the lack of grip,
sliding tissue layers and possible fibrosis formation. Therefore
a non-tactile energy transmission through the skin is preferred.

II. DESIGN SYNTHESIS AND EXPERIMENTAL METHODS

A. Implantable Actuator Mechanism Design

The detailed design of the actuator prototype is shown in
Fig. 5. It contains a ring of magnets with alternating pole ori-
entation that can rotate around an axis. Permanent neodymium
magnets are chosen due to the high field strength (H = 860–
995 kA/m, Supermagnete, Webcraft GmbH, Gotmadingen, Ger-
many) while being readily available. Dimensions are selected
to maximize the volume of magnets in a ring configuration
in the determined design space. An identical external magnet
ring can be coupled to the implant through the skin. When
coupled, rotation of the external magnets results in the same
rotation of the magnetic wheel in the actuator, transmitting
energy non-invasively. The magnets are coated in a very thin
layer of silicone glue and placed in a 3D-printed (Dental resin,
Form 2, Formlabs, Somerville, MA, USA) wheel, fastened to a
CNC-milled 316L Stainless Steel (SS) plate with a spiral groove
on the bottom. A SS follower is inserted into this spiral, and is
limited to 1 linear degree of freedom by a groove in the SS bottom

plate. Through the spiral, rotating the wheel will result in linear
displacement of the follower. The dimensional parameters of the
actuator and detailed drawings can be found in Supplemental
File 2.

As velocities and accelerations should be small, output force
can be determined through static equilibrium as shown in
Fig. 6(a) and (b):

∑
Fx = 0 : Fw = FN sin θ + μsFN cos θ (1)

∑
Fy = 0 : FN cos θ = Fp + μsFN sin θ. (2)

The pitch angle of the spiral thread θ is calculated as:

θ = tan−1

(
δr

δx

)
= tan−1

(
p

2πr(n)

)
, (3)

where p the pitch of the spiral, and r(n) radius of spiral at a
specific point in the spiral, calculated as a function of p, the
number of revolutions n and the maximum spiral radiusrmax:

r(n) = rmax − p · n (4)

Solving for Fp yields:

Fp =
Fw(cos θ − μs sin θ)

sin θ + μs cos θ
. (5)

Ignoring frictional losses, the transmission of input torque
Teto actuator output force Fp can be estimated as

Fp =
Te

r

cos θ − μs sin θ

sin θ + μs cos θ
. (6)
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Fig. 6. Free body diagram (FBD) of the pin that moves through the spiral when the spiral is rotated with input torque Te. The pin is constrained
in 1 linear degree of freedom. (a) The pin in the spiral (b) The FBD of the pin when input torque is applied. (c) The FBD of the pin when no input
torque is applied.

Fig. 7. 3D-printed mock-up of the device with the intended dimen-
sions. If proven necessary, the distance between the valve and actuator
component could be made variable by placing a loop with a knot in
the transmission cable. (a) Large loop with small distance between
components. (b) small loop with larger distance between components.
This model was used in cadaver studies to verify fit and placement.

Following Fig. 6(c), when input torque is not applied, static
equilibrium is determined by:

∑
Fx = 0 : FN sin θ = μsFN (7)

The spiral mechanism is thus stable and non-backdrivable,
preventing opening of the valve due to blood pressure or external
traction, when μs ≥ sin θ is satisfied. This equates to θ ≤ 14◦or
a spiral radius of 1.4 mm in the presented configuration with an
estimated friction coefficient of 0.25 [32].

A 1 mm thick lathed PEEK cover (a known biocompatible
material [33]) with rounded edges and suturing holes is press-
fitted over the top of the magnets. A 0.5 mm thick spacer is
placed around the central rotation point of this cover to prevent
contact friction between the magnets and the cover. Silicone glue
is applied to seal the case.

B. Transmission Cable

The transmission cable is a 1 mm diameter flexible spiral
grooved 316L SS Bowden cable, with a 0.5 mm 304 SS wire as
core. The outer cable is welded to a small cylinder, in turn welded
to the base plate of the actuator. The wire core is welded to the pin
and follow of the actuator. A small threaded 316L SS cylinder
is welded to the other end of the Bowden cable, and another,
smaller threaded 316L SS cylinder welded to the wire core. The
flexibility of the transmission cable allows a loop to be placed in
the cable which enables a change in distance between the valve
and actuator components and may decrease resultant forces on
the graft and blood vessels, shown in Fig. 7. However, this will

Fig. 8. 3D-model of the valve mechanism with the graft placed be-
tween the compressors. (a) The full valve design with side plates, and
fully closed graft. (b) The valve without one of the side plates to expose
the internal linkage, where the graft is in the fully open position with
a relatively low transmission ratio in the linkage. The design of the
linkage creates a favorably high transmission ratio that increases when
the graft is almost closed. Models were made in SolidWorks (Dassault
Systtèmes, Paris, France).

result in a significant loss of mechanical efficiency [34] and is
not expected to be necessary when placed along the humerus
in the upper arm or radius and ulna in the forearm in a human
where the anatomy limits relative motion of surrounding tissues.

C. Valve Design

Fig. 8 displays the design of the valve mechanism that is
screwed onto the threaded end of the Bowden cable. The outer
cable is screwed onto the frame of the valve, and the wire core
into a cylinder that is guided linearly through the frame. This
is a G6 fitting in which the tolerances are smaller than the
diameter of a red blood cell [35], thus should prevent tissue
formation inside the casing as no supply of blood is possible.
The cylinder is fastened to a linkage functioning as mechanical
pinch valve. It supplies force symmetrically to minimize graft
displacement, and thus traction on sutures and vessels. Due to the
geometry of the graft, the highest compression force is required
close to the fully collapsed state. The linkage has a favorable
transmission ratio that can achieve this, whereas displacement
of external components has been minimized to prevent excessive
interaction with adjacent tissues. The exterior parts of the links
feature compliant joints which are thought to be more resistant
to effects of fibrosis than pinhole joints, but still enable parallel
compression and uniform force distribution over the closed graft.
Side plates are welded to the frame function both to fasten the
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Fig. 9. Schematic cross-sectional overview of the benchtop test setup to measure input torque Te and output force Fp in the prototype device
through different gap thicknesses e. Torque is measured through a spiral with deformable arms, a magnet and Hall sensor, and force is measured
through a load cell.

axes around which the links pivot and to create a housing for
the linkage. A silicone block is placed between the 2 main pivot
points to maintain rotatability while preventing fluid from seep-
ing into the linkage. The compliant joints allow the compressor
plates to self-balance into a parallel position to prevent dead
space forming when fully closing the graft. A 6 mm internal
diameter Acuseal vascular graft (GORE Medical, Flagstaff, AZ,
USA) was chosen as prosthetic graft, with the same width as
the compressor plates. The graft comprises an elastomer layer
between 2 sheets of expanded polytetrafluorethylene (ePTFE).
The elastomer layer allows creation of a seal similar to the usage
of rubber O-rings. The graft is sutured to the two compressor
plates that are welded to the linkage. All components of the
valve are titanium and produced with wire electrical discharge
machining, except for the cylinder that was processed in a lathe.

D. Development of Test Setup for Benchtop Mechanical
Characterization

The device is mechanically characterized in a benchtop force
measurement setup. A schematic overview is shown in Fig. 9.
The setup contains fixation for the prototype, and a mount for the
magnetic coupling, identical to the magnetic ring in the actuator,
of which the distance to the prototype can be varied. Silicone
sheets of thickness 1.0 mm can be stacked and placed between
the magnetic pairs to mimic different thicknesses of skin [36].
The rotation axis of the magnetic coupling is fixed to the mount
through a set of ball bearings to minimize friction and restrain
motion to 1 rotational degree of freedom.

The input torque supplied to the prototype device is measured
through a laser cut polymethyl methacrylate (PMMA) spiral
with deformable arms as described in [37] and shown in Fig. 9:
a magnet is glued to one of the arms so that the deformation of
the spiral from applied torque results in a change in magnetic
field on a fixed Hall sensor (OH49E, Ouzhuo, Nanking, China).
The sensor is calibrated by applying torque to the exterior of

the disk, with the rotational axis connected to a force trans-
ducer (QSH02003, FUTEK, Irvine, CA, USA) through a known
moment arm. The signal is amplified by a CPJ Strain Gauge
Conditioner (Scaime, Juvigny, France) and read in LabVIEW
through a NI MyDAQ (National Instruments, Austin, TX, USA).
The Hall sensor value is measured through an Arduino NANO
(Arduino, Monza, Italy) and read in Arduino software. All data
is processed in MATLAB (MathWorks, Natick, MA, USA). A
second order polynomial is fit to the calibration data due to the
higher order dependency of magnets, Hall sensor distance and
Hall sensor values (R > 0.99). The calibration data with curve
fit and the sensor characteristics can be found in Supplemental
File 3.

E. Experimental Validation

1) Dimensions and Implantation: A 3D-printed (Dental
Resin, Form 2, Formlabs, Somerville, MA, USA) mock-up of
the device with the intended dimensions (Fig. 7) is placed into
a single cadaveric human arm (embalmed in formaldehyde) to
verify the implantation method and dimensions of the device ex
vivo. The authors state that every effort was made to follow all
local and international ethical guidelines and laws that pertain
to the use of human cadaveric donors in anatomical research.
The mock-up includes a 10 cm long transmission cable with a
loop to represent the largest dimensions that may be expected.
The mock-up of the valve is first sutured to the graft with a
suture through each of the suturing holes on the compressor
components. An incision is made on the distal and medial side
of the cadaver arm. The brachial artery and basilic vein are
mobilized to allow placement of a 1 cm piece of vascular graft to
be anastomosed. Small incisions are made in both the vein and
artery, and the graft is anastomosed between the vessels. Other
than the length of graft, this process is identical to standard
placement of arteriovenous grafts [7]. A subdermal pocket is
created proximally to the anastomosis, and the actuator is sutured
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to the cutis through the suturing holes in the PEEK hood. The
cable loop is placed parallel to the skin. The wound is then
sutured closed. This same mock-up is placed in the neck of
a thawed fresh frozen sheep cadaver, where the anastomosis
is placed between the carotid artery and external jugular vein,
to assess translation of the current prototype to a large animal
model for future in vivo assessment.

2) Maximum Torque Transmission: To determine the
maximum torque transmission that can be supplied to the im-
plant, the setup shown in Fig. 9 is used. The actuator is exchanged
with a magnetic ring identical to that of the setup, covered with
a 1.5 mm layer of plastic to compensate for the actuator cover.
This ring can rotate freely and is fixed to a load cell through a
known moment arm. With 1–5 layers of 1 mm thick silicone to
mimic skin, the upper magnetic disk is rotated manually until
magnetic decoupling (i.e., slipping) from the lower magnetic
disk occurs 20 times. The lower magnetic disk is fastened to a
load cell (QSH02003, FUTEK, Irvine, CA, USA) with a known
moment arm to determine to the torque supplied, and the signal
is amplified (CPJ Strain Gauge Conditioner, Scaime, Juvigny,
France) and read. The peak data is retrieved and processed in
MATLAB.

3) Maximum Force: The device prototype is placed in the
test setup with the valve component detached from the trans-
mission cable. A prototype without cable loop is utilized and
the cable remains fixed in the same position in the following
experiments. The distal end of the wire core of the transmission
cable is fastened to a load cell (QSH02003, FUTEK, Irvine, CA,
USA) to measure the maximum output force until decoupling
of the magnets occurs. As the actuator spiral contains 2 full
rotations, force is measured in 1 full rotation intervals at 0, 1 and
2 rotations, with 1–5 layers of 1 mm thick sheets. Each measure-
ment is performed 5 times. The sensor signal is amplified (CPJ
Strain Gauge Conditioner, Scaime, Juvigny, France) and read in
LabVIEW through a NI MyDAQ (National Instruments, Austin,
TX, USA). The measurements are evaluated against numerical
simulations that integrate the measured maximum torque and
(6) in MATLAB.

4) Actuation Torque: With the device prototype fastened
in the setup (Fig. 9), input torque to actuate the device is
measured 1) without the valve fastened, 2) with the valve with
no graft placed, 3) with the valve and unpressurised graft, and 4)
with the valve pressure pulses of 180/120 mmHg, generated by
intermittently decreasing the volume of a closed vessel system.
Pressure is measured with a PU5405 pressure gauge (ifm GmbH,
Essen, Germany) in LabVIEW through a NI MyDAQ (National
Instruments, Austin, TX, USA).

A minimal distance of <0.5 mm between the external mag-
nets and the silicone was kept at all times to prevent contact
friction between these surfaces. Measurements are performed
by manually rotating the disk for 2 full rotations in intervals of
1/8 rotation. For each instance, the measurement is performed 5
times from open to closed for skin 1–5 mm in 1 mm intervals.
In measurements 3) and 4), pressure in the graft is increased
to >360 mmHg upon closure. A laser triangulation sensor
(optoNCDT 1120, Micro-Epsilon GmbH, Ortenburg, Germany)
measures displacement of the distal end of the valve compressor
to determine displacement of the valve and verify no leakage

occurs resulting from pressure and pulses. A photo is included
in Supplemental File 3. The sensor values are processed in MAT-
LAB and torque is estimated by means of the fitted calibration
data.

III. RESULTS

The fabricated prototype is shown in Fig. 10.

A. Ex Vivo Cadaver Studies

Shown in Fig. 11, placement of the device at the target
locations was possible in both cadavers and tension in the skin
resulting from the implants appeared negligible. The actuator
unit could easily be identified and external magnetic coupling
was possible. Coupling and rotation, and movement of the arm
and neck caused no apparent damage to the anastomotic sutures.

B. Maximum Torque Transmission

Fig. 12 displays the measured maximum torque transmission
between 2 sets of magnetic rings. The mean± standard deviation
(SD) that could be transmitted between the Maximum torque
transmission sets of magnets were: 0.18 ± 0.009 Nm at 1 mm
thickness silicone; 0.10 ± 0.006 Nm at 2 mm; 0.057 ± 0.002
Nm at 3 mm; 0.038 ± 0.002 Nm at 4 mm; and 0.021 ± 0.001
Nm at 5 mm.

C. Maximum Force

Fig. 13 shows the maximum forces estimated and mean ± SD
measured force values at different skin thicknesses and positions
in the spiral.

D. Actuation Torque

Fig. 14 displays the measured input torque supplied to the
device in the 4 configurations with skin thicknesses 1–5 mm. Up
to a skin thickness of 4 mm, the graft could be fully collapsed
to block fluid with pressure pulses of 180 mmHg (Fig. 15), but
this was not possible with a skin thickness of 5 mm. When the
external magnets were replaced by a larger set (d = 6 mm, h =
6 mm), full graft collapse could be achieved. Fig. 16 shows the
relative displacement of the distal end of the valve compressor in
closed position when pressure pulses are applied. Displacement
remains below 0.01 mm with pressure exceeding 360 mmHg.

IV. DISCUSSION

A prototype has been developed and produced to satisfy the
design requirements. This list of requirements was amended
following a cadaver study that provided preliminary information
on maximum dimensions and energy transmission methods. The
presented device is fully implantable and allows non-invasive
closure and control of a synthetic graft. The device is non-
backdrivable and the graft can remain stable in every position
between fully open and fully closed. Motion of the device
and its components have been minimized to prevent effects of
fibrosis tissue formation, pain and interaction with fragile tissues
such as nerves. From an anatomical point of view, there are
no adjacent nerves in the antecubital fossa in the forearm (the
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Fig. 10. Manufactured prototype of the implant device used in the experimental setup, and the external magnets that can be utilized to actuate
the prototype.

Fig. 11. Cadaver arm (top) and sheep (bottom) with the mock-up of the device implanted. (a) The surgical incision created on the medial side of
the upper arm between the biceps and triceps, with the valve anastomosed between the brachial artery and basilic vein in the distal upper arm and
the actuator in a subdermal pocket proximal to the shoulder. (b) The closed incision and magnets easily coupled through the skin. (c) The surgical
incision on the anterolateral side of the neck of the sheep, with the valve anastomosed between the carotid artery and external jugular vein cranially
and the actuator in a subdermal pocket proximal to the chest. (d) The skin be placed over the implant, showing coupling with the external magnets
is still possible.
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Fig. 12. Average ± standard deviation of the maximum torque trans-
mitted between the sets of magnetic rings through 1–5 mm thickness of
silicone skin model.

Fig. 13. Simulated and measured average ± standard deviation of the
maximum force generated on the transmission cable by the actuator
components at various position in the spiral and through 1–5 mm thick-
ness of silicone skin model.

target implantation site). In the upper arm, the device can be
safely implanted between the brachial artery and the basilic or
cephalic vein without interference with the median nerve, which
typically presents more dorsally. After placement, migration of
the components as well as the encapsulation of the materials
should be monitored over time.

Due the large number of uncertainties and unknowns remain-
ing, the focus of the prototype is to provide more data and sup-
plement the requirements list in upcoming in vivo studies [25],
for example relating to fibrous tissue formation and biological
responses to the energy transmission and manipulating the AVF.
Currently, the device dimensions and choice of transmission
are based on a study of a single cadaveric arm. As almost all
dimensions tested could be implanted, the maximum dimensions
may be larger than tested in this study. Although subjective, this
study suggested tactile energy transmission was not feasible.
However, the effect of the embalming cannot be neglected as
this could have reduced the frictional coefficient of the skin.
Moreover, fibrous tissue forms around foreign material upon
implanting, which will more rigidly encapsulate the implant in
the surroundings and may affect the feasibility of external tactile

manipulation. The dimensional requirements and placement
method were verified by implanting a mock-up of the device into
a second cadaveric arm, but anatomical variations have not been
taken into account. Even though the force and pressure applied
to the skin are considerably lower than the generated force, it is
crucial to acknowledge that pain and pressure ulcers (decubitus)
are risks of the transmission method. It is worth mentioning
that the force application duration is much shorter than typically
known to cause decubitus [38]. The actuator is fixed with sutures
and edges are rounded as preventative measures. A thin, low
friction skin pad may also be added to reduce shear forces and
stresses on the skin during actuation. These phenomena may be
further assessed in future studies. The mechanical tests included
silicone rubber sheets to mimic skin as the magnetic properties
are similar [36]. The exponential curve of the measured torque
values seen in Fig. 12 may be considered representative of the
higher-order dependence of magnetic attraction versus distance.
This data was used to estimate the maximum force that could
be supplied by the actuator in (1) and (6). These equations
predict that the actuator can supply a higher force when the
pin and follower approach the center of the spiral where the
moment arm is at its smallest. Fig. 13 shows the measurements
with a similar pattern as the simulation, but the overestimation
in the calculations is larger when the spiral radius is smaller.
In part, this may be explained by the presence of friction in
the benchtop model. In reality force in the cable is generated
through a stick-slip motion between the pin and the spiral: torque
is applied to overcome static friction as in Fig. 6(b), and the
pin rests in the position in Fig. 6(c) until sufficient torque is
applied to overcome friction again. In the experimental setup,
each slip pulls the pin further inwards, which results in a slight
elongation of the cable and an increase in force on the load cell.
Hereafter the pin returns to the static position of Fig. 6(c). When
the radius of the spiral is larger, the pitch angle θ is smaller
following (1). The pin therefore faces a steeper gradient closer
to the rotation axis: for the same tangential displacement to slip
and stick, δx, the radial displacement δr is larger. In other words,
the radial component of the frictional force Ff increases with
decreasing r, meaning greater force is necessary to overcome
static friction and advance the pin inwards through the spiral.
This phenomenon has not been accounted for in the calculations
and results in an overestimation of the actual force that can be
realized close to the rotational axis of the spiral. The coefficient
of friction between the spiral and the following pin has a large
impact on the force transmission and the efficiency. In the current
model this has been estimated from literature as a constant value
of in 316L SS to 316L SS [32]. However, this is more complex in
reality and depends largely on the surface finish, lubrication, and
forces [32]. In future models this coefficient may be determined
experimentally in this configuration.

Fig. 14(a) and (b) show the torque necessary to overcome
the internal resistance of actuator and the actuator with valve
when unloaded. Unsurprisingly this resistance is higher with
the valve as the valve adds additional resistance due to the
moving components. Following Fig. 14(c) and (d), placing the
graft adds more resistance, and applying pressure to the graft
further increases the necessary actuation torque. The patterns
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Fig. 14. Torque measurements. Top: the position of the valve at pin positions in the actuator spiral. Bottom: the measured input torque required to
fully actuate the device with silicone skin model thickness 1–5 mm in: (a) the actuator without the valve component connected; (b) the actuator with
the valve connected; (c) the actuator and valve with an unpressurised graft placed between the compressors; and (d) the actuator and valve with
graft pressurized to 180 mmHg. ∗indicates a different external magnet configuration was used than in the other measurements.

Fig. 15. Measurement of the pressure profile applied to the synthetic
graft at 63 beats per minute in the torque measurement of the prototype
device in Fig. 14(d).

appear similar in all measurements with the graft placed, and
can be related to the transmission of forces to the graft by the
valve; the torque pattern is an integration of the resistance of the
graft, and internal resistance and the transmission ratio of the

Fig. 16. Measurement of the pressure profile applied to the synthetic
graft at 63 beats per minute and the resulting displacement of the distal
end of the compressor of the closed valve.

device. The internal resistance is in part a result of manufacturing
imperfections.

The design requirement was to fully collapse a graft at
180 mmHg through a skin thickness of 4 mm, which included
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a safety factor of 2. A pulsatile pressure of 180/120 mmHg
in a used to simulate in vivo working conditions. A closed
system was used in which pressure is equal in all directions
throughout the system. The pressure was representative of ar-
terial pulses in the context of the design requirement, where
primarily the pressure tangential to the graft surface is of in-
terest. The pressure pulses did not result in leakages through
the closed valve. However, the variation in input torque was
larger with the pulsatile flow (Fig. 14(d)), which may be ex-
plained by the pressure variations. Future evaluation may include
fluidic flow at such pressures as an improved representation.
However, Fig. 16 shows that there was no displacement of
the compressor of the closed valve even with pressure pulses
exceeding 360 mmHg, suggesting no leakage is possible well
within the requirement and safety factor, and the device is
non-backdrivable.

In the test setup it was found that collapse was feasible up
to a thickness of 4 mm, and no longer possible with a thicker
skin. When utilizing larger magnets to actuate the prototype
it was possible to collapse the graft with a skin thickness of
5 mm, demonstrating that some design freedom remains in the
external component to further optimize energy transmission.
Additionally, the configuration of magnets was chosen to be
maximized for the determined design space. In the experiments
torque transmission and force generation was found to exceed
the requirements. Therefore, future iterations should feature a
bottom-up approach to optimize the magnetic transmission. In
situ cadaver studies showed that placement of the device was
possible in both a human arm and sheep neck. A larger incision
and an adjusted surgical protocol for the anastomotic surgery
were necessary. This will likely have adverse effects when used
in patients and will need to be studied separately to address
benefit-risk ratio of the implant. The resultant forces on the anas-
tomosis and sutures were only assessed in the cadaver studies
shown in Fig. 11. Even though excessively moving the cadavers
did not show any apparent damage to the sutures, this model
did not include actuation of the valve component. However,
the linkage has been designed in a symmetric configuration
to minimize lateral displacement, and therefore traction on the
anastomotic sutures. Although the cable forces necessary to
actuate the valve and close the graft are significant, the outer
sheath of the Bowden cable compensates for these forces [39] to
minimize traction on the anastomosis. This should be formally
assessed in future studies.

For in vivo applications the device will require assembling in
a clean environment. As the actuator contains magnets and tight-
fitting components of different materials, gamma or other low
temperature sterilization will be feasible methods of sterilization
because the high temperatures of other methods could result in
demagnetization of fracture of components. Although it has not
yet been assessed, it is expected that meeting relevant standards
should be possible. However, this requires validation, and the
optimal dose to achieve sterilization standards may be found
experimentally.

Due to the inclusion of magnets in the actuation device,
certain procedures such as magnetic resonance imaging will
not be possible. The clinical implications of this drawback are

expected to be limited, and outweighed by the potential benefits
of removing anastomotic flow, but requires formal assessment.

Lifetime was set as a requirement for the device, but this
has not yet been evaluated as it is likely affected greatly by in
vivo factors, e.g., toxicity, foreign body response and everyday
use. Increasing tissue layer thickness between the implant and
external magnets, e.g., due to fibrosis, remains a risk factor
for the transmission. To advance development of the device,
in vivo studies are imperative to assess biocompatibility and
better understand systemic response to intermittently closing
an AVF, but also to study functionality of moving mechanical
components and magnetic energy transfer.

While the device is eventually to be used in humans, the
necessity of animal studies and anatomical and biological dif-
ferences with the animal model cannot be ignored. The current
prototype has been designed to take these into account, for
example by allowing skin to be thicker through stronger external
magnets, but also with a loop in the transmission cable when
a different implant location must be used. These studies may
therefore be conducted with minimal changes and safety and
mechanical performance data should be translatable to human
use. Goats are to be used as AVF models due to similarities
in size, thrombogenicity, vascular response and skin thickness,
while being even more prone to stenosis formation [40]. If used,
placement will occur in the neck as shown in Fig. 11(c) and (d)
due to the proximity, diameters and superficiality of vein and
artery.

A novel method for non-invasively transferring large amounts
of energy to a medical implant and generating a high force has
been demonstrated, which is an advantage when compared to
existing energy transfer methods that are limited to low energy
outputs [21], [22], [23]. While the current study focuses on the
use of this method for AVF closure through a mechanical pinch
valve, the actuation device could find application in other use
cases, or inspire the development of novel implantable devices
that require high energy transmission and forces.

V. CONCLUSION

A fully implantable magnetic actuator-effector device has
been presented, which enables non-invasive transfer of energy
through the skin and can be used to actuate a mechanical valve
system or potentially other types of end-effectors. Through this
actuator, a valve component that manipulates an AVF for dialysis
can be non-invasively controlled. The focus of the device was to
be utilized in large animal model in vivo experiments to assess
biological responses to intermittently closing the AVF, magnetic
actuation, and moving mechanical components. The maximum
dimensions and actuation method for non-invasive energy trans-
fer were determined through a study on a single cadaveric arm.
The developed prototype features a ring of magnets that can be
controlled by an identical ring of magnets from outside the body.
Rotation of these magnets can generate the high force required
to fully close a short piece of synthetic graft as AVF. Benchtop
and in situ experiments showed that the device meets the design
requirements, and should be suitable for use in upcoming in vivo
animal studies.
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