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Abstract
Low-Reynolds swimming describes the method of displacement in the limit of low
Reynolds number. These conditions exist due to a combination of very small lengths, very low
velocities, or very high kinematic viscosities. It is in these conditions that many micro-organisms
exist. A great deal of research has been done to examine the hydrodynamics of these creatures.
This paper focuses on creating and testing two different low Reynolds swimmers. The
first swimmer resembles a fish and utilizes an accordion structure embedded with hard magnets
to drive the swimmer forward. The second swimmer is an auger-based geometry attached to a
pair of coupled magnets. The swimmers were fabricated and tested in a pool of viscous fluid and
an external magnetic field was applied. The swimmers were placed in a container of glycerin (a
liquid with relatively high kinematic viscosity) in order to simulate low-Reynolds conditions.
The container was put in between 2 poles of an electromagnet and the external field was varied
between +200mT and -200mT. From the experiment, the swimmer’s ability to displace was
analyzed.
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Introduction and Background

1.1 Problem Statement
A great deal of work has been done in studying the hydrodynamics of the microorganisms that surrounds us in our everyday life. Following this, there have been many attempts
at creating working physical models of these swimmers. Because of the small-size of the
swimmers that are being mimicked, these swimmers that reside in low Reynolds number
conditions are often externally powered. This work seeks to develop a swimmer that is able to
swim one dimensionally in a viscous fluid under the effects of an oscillating one-dimensional
magnetic field. The swimmer must be externally powered and easily rescaled so that, if the
swimmer were to be scaled down, it would still be able to swim.

1.2 Project Goals
This work seeks to develop the actuation mechanism for a working low-Reynolds swimmer
that displaces under the effects of a 1-directional oscillating magnetic field. In order to achieve
this goal, the following objectives must be achieved:
•

Examine previous swimmers and their mechanisms of low Reynolds swimming

•

Develop new method of locomotion that utilizes magnetic actuation

•

Develop a model to describe actuation of swimmer with respect to an oscillating 1-D
magnetic field.

•

Validate the developed mechanism utilizing the model
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•

Develop experimental setups to test and validate the model

By developing a low-Reynolds swimmer, a prototype will be developed that can potentially be
scaled down and used in various applications.

1.3 Low Reynolds Swimming
The low-Reynolds condition is characterized by Reynolds numbers typically much less
than 1 [1]. These conditions are present for structures, devices, or organisms with very small
lengths, very low speeds, or in fluids with very high kinematic viscosities. Bacteria and other
microscopic life forms exist purely in low Reynolds environments due to their very small size
typically, in the micrometer range. The movement of Earth’s tectonic plates also exist in low
Reynolds conditions due to the high kinematic viscosities (on the order of 1021 Pa) of the fluid
that they reside on [1]. In these extreme limits, the Navier-Stokes equations, which are the
equations of motions relevant to fluids, reduce to the Stokes equation and continuity condition.
For incompressible fluids, the resulting equations are:
∇u − ∇P − f = 0

(1)

∇u = 0

(2)

An interesting and very significant consequence of low-Reynolds condition is that there
is no inherent time-dependence in either of the above equations. From this, it can be inferred that
objects do not drift like they would at higher Reynolds number. As soon as forces stop acting on
an object, the object will stop moving. Essentially, the low-Reynolds world is an inertia-less
world. A consequence of this is that a scallop such as the one shown in Figure 1, which is
essentially 2 almost planar geometries connected by a hinge, would not be able to swim in low
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Reynolds conditions. By opening and closing, the scallop would not be able to swim in lowReynolds swimming. This phenomenon is known as the scallop theorem and it states that any
motion that is driven by a reciprocal motion in low Reynolds conditions will not experience a net
displacement [2]. As a result of the scallop theorem, there are primarily 2 different ways of
swimming in low Reynolds number.

Figure 1 – The scallop described by Edward Purcell. The top and bottom rounded shapes are fixed shapes
that pivot around a hinge. This one degree of freedom shape cannot swim in low Reynolds conditions [2]

The restrictions imposed by the scallop theorem mean that the way different creatures swim
in low-Reynolds environments will differ from the creatures in the macro world. Researchers have
attempted to create working low-Reynolds swimmers that replicate different forms of swimming.
These swimmers typically use either a non-reciprocal motion, meaning that if the motion were
reversed, it would be distinguishable from the motion not in reverse; or utilize a continuous motion.

(A)

(B)

Figure 2 – (A) Planar swimmer that utilizes a planar waving motion to propel itself along its length [4] (B) toroid
swimmer that utilizes continuous motion. The swimmer takes advantage of a difference in the drag forces acting
on the inward and outward facing surfaces of the toroid [3]
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Swimmers that utilize a continuous motion are ones that undergo a single motion
repeatedly. This motion is commonly utilized by flagellum based-swimmers such as spermatozoa
and e. coli shown in Figure 3. [2]. These swimmers rotate a flagellum and use this motion to propel
itself forward. It is also used by toroid swimmers such as the one shown in Figure 2. Past works
have sought to develop helical swimmers that are rotated by a 3-dimensional magnetic field [5].
Figure 3 shows such a swimmer.

(A)

(B)

Figure 3 – (A) the E. coli bacterium, which utilizes rotating flagella as a means of locomotion [2] (B) Helical Swimmer with a
soft-magnetic head that mimics the motion of flagella. As the geometry rotates, the swimmer will propel itself forward in the
direction of the magnetic head. [5]

The motion of helical-based swimmers has been extensively studied and a mathematical
model was developed. The Resistance matrix of a helical swimmer is given below along with its
relation to the helical swimmer’s motion. With the simplified linear equation of motion (Stokes
equations), the rotation and displacement of the helical swimmer are linearly related [6].
𝐹
𝐴
( )=( 𝑇
𝐿
𝐵

𝐵
𝑈
)∙( )
𝐶
Ω

(3)

In equation 3, 𝐹 is the force acting on the swimmer, L is the external torque on the swimmer, U is
the velocity of the swimmer, and Ω is the angular rotation rate of the swimmer. The values of A,
B, and C are geometry and fluid-related quantities.
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Swimmers that utilize periodic motions are required to follow the scallop theorem. An
example is the planar swimmer shown in Figure 2. These swimmers repeat a non-reversible motion
in order to propel themselves forward. Edward Purcell describes the simplest possible case of a
non-reversible motion as a 3-link swimmer. This swimmer has 2 degrees of freedom and is the
simplest theoretical swimmer that can displace in low Reynolds conditions. [7]. Other works have
focused on planar as well as some other unique swimmers shown in Figure 4[8,9,10].

(A)

(B)

(C)

Figure 4 - (A) non-reversible cycle of Purcell's 3-link swimmer [9] (B) cycle for theoretical 3-linked spheres swimmer [8] (C) cycle
for jellyfish like swimmer [10]

One of the most common methods of low Reynolds swimming utilizes a long slender
planar body. The planar body “wiggles” As it does so, each finite section of its body experiences
drag. This drag can be broken up into a portion that is perpendicular to the body and one that is
parallel to the body. The drag perpendicular to the body is greater than the drag parallel to the
body. This phenomenon is known as drag anisotropy is utilized by many of the microscopic
swimmers that exist throughout the world. The microscopic organisms that utilize this are able to
manipulate their bodies and take advantage of drag anisotropy to propel themselves forward [11].
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1.4 Magnetic Theory
1.3.1 Summary of magnetic behavior
Most of the magnetic material that is encountered by humans are either hard magnets
(ferrimagnetic) or soft magnets (ferromagnetic). A key difference between these two is their
intrinsic magnetization, or remanence. Remanence is the degree of magnetization that exists in a
material when no external field is present. Soft magnetic materials, such as iron, have zero
remanence while hard magnetic materials, such as NdFeB (rare earth magnets) have high
remanence. The difference between these two responses stems from the response to the external
field of the magnetic dipoles within the materials.
Both hard and soft magnets are may develop a magnetic moment density, or rather a given
number of magnetic dipoles within a given volume. The dipoles present in soft magnets only
develop in response to an external field. These soft magnetic dipoles increase in strength with the
external field and are always aligned with the external field. The dipoles in a hard magnet,
however, have orientations nominally fixed with respect to the crystallographic axes of the
material. Consequently, hard magnetic dipoles resist aligning with the external field. When a hard
magnet is exposed to an external magnetic field, the individual magnetic moments will try to rotate
into the field direction and consequently attempt to align the bulk material with the field as well.
Figure 5 below illustrates this difference in magnetic dipole arrangement [12]. In Figure 5, the left
diagram shows the response of the magnetic dipole (black arrow) and its response to an applied
external field (blue arrows). The dipole will rearrange itself in order to align itself with the
magnetic field. The diagram on the right shows a dipole in a hard magnet. The dipole is fixed with
the material and will attempt to rotate the bulk material in order to align with the applied external
field. In doing so, the dipole will experience a torque as it attempts to align itself.
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(A)

(B)

Figure 5- (A) shows a dipole of a soft magnet that is allowed to rotate to align with an external magnetic field. (B) shows a
dipole in a hard magnet that is fixed within a material. The dipole in the hard magnet rotates the entire material and generates
a torque as it tries to align itself with the external magnetic field [12]

Another key difference in the responses between hard and soft magnets is their hysteresis
curves. The hysteresis curve shows a material’s magnetization in response to an external magnetic
field. An example of such a hysteresis curve is shown in Figure 6. In Figure 6, the horizontal axis
is the magnitude of the applied magnetic field and the vertical axis is the material’s resulting
magnetization. The initial dotted curve starting at (0,0) represents the magnetization of a material
as it is first magnetized by the external field (Hext ). As the external field increases, the
Magnetization (M) reaches a maximum value, the Saturation magnetization (Ms ). When the
external field is removed, the material’s magnetization begins to fall. In the absence of an external
field, the material retains some magnetization, known as the remnant magnetization (Mr). This
point is reached by following the solid line from the saturation magnetization back to the H=0
vertical line. One final point, the coercive force, must be defined. If materials brought to the
saturation magnetization and then the field is lowered until it is reversed, the curve will eventually
reach a point where the material will have zero magnetization again. This point corresponds to the
coercive force(Hci), or the field required to demagnetize a material to have no net magnetization.
Hysteresis curves have two tails. These correspond to the behavior when the material is magnetized
in 2 opposite directions.
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Figure 6 – A hysteresis loop showing important points along the curve. [13]

Figure 7 shows what a typical hysteresis curve for a hard magnet (a) and a soft magnet (b)

might look like [14]. The most notable difference between the two is the width of the hysteresis
curve. The hard magnet requires a much larger coercive force than the soft magnet in order to
demagnetize the bulk material. By removing the external field, the hard magnet retains most of its
magnetization while the soft magnet loses most of its magnetization. For this reason, the
magnetization of a soft magnet is usually expressed as a function of the magnetic field that it is in.

Figure 7- (a) hysteresis loop for a hard magnet. (b) hysteresis loop for a soft magnet [14]
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1.3.2 Modeling magnetic behavior
The tendency for a hard magnet to align its own magnetization with the external field is
the magnet’s attempt to reduce the potential energy of the system. For magnetics of bulk materials,
this potential can be represented by the Zeeman Energy, 𝐸𝑧 , whose form is shown in equation 4.
𝐸𝑍 = −𝜇0 ∫ 𝑴 ∙ 𝑯𝑑𝑉
(4)

Here µ0 is the permeability of free space with units farads/meter, M is the magnetization of
a differential volume with units amps/meter, and Hext is the external magnetic field strength with
units amps / meter, and the integral is taken over the material volume, 𝑉.
Consider a theoretical bar magnet with magnetization M oriented as shown in Figure 8.
The Zeeman energy shows that when a magnets’ net magnetization is parallel to the field, the
Zeeman energy is minimized since the dot product’s magnitude is maximized. When the magnet
is perpendicular to the field, the Zeeman energy is at the maximum. When the magnet is antiparallel to the field, The Zeeman energy is at its maximum negative value.
Another important property of the magnet is the torque that the magnet experiences
within an external magnetic field, which can be derived from the Zeeman energy. The tendency
of the bar magnet, or net magnetization of the material, to rotate is determined from the change
in energy with respect to orientation, 𝑇 =

𝑑𝐸𝑧
𝑑𝜃

. This magnetic torque, T, has the form

𝑇 = ∫ [𝑀×(𝜇0 𝐻)]dV

(5)
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When the external field is parallel to the net magnetization, the torque is at a minimum
because the cross product term will be zero and the magnet will not rotate. When the magnet is
perpendicular to the external field, the magnet will experience the maximum torque because the
cross product takes a maximum value when the two values are orthogonal. When the magnet is
anti-parallel to the external field, the magnet will experience no torque. However, this is an
unstable equilibrium point and the magnet will experience torque if it displaced in any direction.

Figure 8- Diagram showing different components of Zeeman Energy. M is the net magnetization of the
material, H is the external magnetic field, and theta is the angle between the net magnetization M
and the external field H

An important caveat must be mentioned at this point. Magnetic materials generate their
own local magnetic field which interacts locally with any externally applied field. This
interaction can be expressed as
𝐻𝑙𝑜𝑐 = 𝐻𝑒𝑥𝑡 + 𝐻𝐷

(6)

where 𝐻𝑙𝑜𝑐 is the field local to the material, 𝐻𝑒𝑥𝑡 is now the applied external field, and 𝐻𝐷 is the
“demagnetizing field”, the correction accounting for the field generated by the material itself.
Note that hard magnetic materials have a magnetic field in all cases due to their nonzero
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remanence whereas soft magnetic materials develop demagnetizing fields as they become
magnetized.
Since the demagnetizing field is generated by the material, and magnetic materials are
affected by the field in which they exist, we must further note that the demagnetizing field is
itself dependent on the local field. This dependence on the local field can be expressed as
𝐻𝐷 = −𝑁𝑀(𝐻𝑙𝑜𝑐 )

(7)

where the 𝑀(𝐻𝑙𝑜𝑐 ) = 𝜇0 𝜇𝑟 𝐻𝑙𝑜𝑐 for soft magnetic material and 𝐻𝑑 = −𝑁𝑀 and 𝑀(𝐻𝑙𝑜𝑐 ) ≈ 𝑀𝑟
is assumed constant for hard magnetic materials.
The above equations work for permanent magnets, but they do not accurately describe
energy or torque on a soft magnet. The soft magnets magnetization M will be a function of Hext.
Deriving the energy and torque becomes a difficult task. Previous works have calculated the
equation for Zeeman energy which is shown on the following page [15].
𝑋2 2
𝑋
𝑋
𝑈 = 𝜇0 𝑉 ( 𝐻 cos2 (𝜃) +
𝐻 2 sin2(𝜃) +
𝐻 sin(𝜃))
2
2(𝑋 + 1)
2(𝑋 + 1)2

𝑇 = 𝜇0 𝑉 (−𝑋𝐻 2 cos(𝜃) sin(𝜃) +

𝑋
𝐻𝑋 2
𝐻 2 cos(𝜃) sin(𝜃) + (
) cos(𝜃)sin(𝜃))
𝑋+1
𝑋+1

(8)

(9)
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Methodology
2.0 Overview
Two different mechanisms were developed for testing. The first mechanism, which will
be referred to as fish swimmer, utilized a two-part swimmer joined by an accordion structure that
resembled a fish. The second swimmer, which will be referred to as an auger swimmer, utilized a
pair of coupled magnets fixed to an auger geometry that would translate through a fluid as it
rotated. This section will discuss the fabrication and testing of these two swimmers. Both
swimmers were tested in a solution of Glycerin Vegetable Kosher USP purchased through
Amazon.com. Glycerin has a viscosity of 0.95 Pa ∙ s. All relevant parts were printed using 3mm
red PLA filament on a Prusa i3 printer.
The fish swimmer was made using 3D printed parts, 2mm thick acrylic, .3mm delrin
sheets, electric tape, and B114 rare earth magnets purchased from K&J magnetics. The rotating
swimmer used 3D-printed parts, 2mm thick acrylic, B114 rare earth magnets from K&J
magnetics, and hot glue.
The B114 magnets are sized at 0.0625in x 0.0625in x 0.25 in. They have a residual
magnetization of 1.32 Tesla (13,200 Gauss) and have a magnet-to-magnet pull force of .24 lb.

2.1.1Fish Swimmer Fabrication
Initially, a swimmer utilizing a periodic motion was designed and tested. A schematic of
the swimmer is shown in Figure 9 . The swimmer was composed of a head and a fin that were
joined by an accordion shape embedded with magnets. The head is a static structure that does not
change its shape. The fin of the swimmer was composed of a slender beam that would be pin-
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joined to two flat plates. When the accordion shape would compress, the beam would be pulled
in and drag forces would cause the two halves of the fin to close onto each other. When the
accordion decompressed, the beam would be pushed outward and drag forces would cause the
plates to open again. The coefficient of drag will be greater in the case where the fins are open
than closed. For high Reynolds number conditions, the open fin would have a coefficient of drag
of 1.1 and the close plate would have a drag coefficient of 0.0031 [16]. These values will be
different in low Reynolds number, but the coefficient of drag associated with the open fin will
still be greater. This can be shown by observing the terminal velocity of a flat plate in a viscous
fluid in the cases where the face of the plate is perpendicular and parallel to the downward
falling motion of the plate. This difference in drag causes the swimmer to move forward during
the decompression phase and backwards during the compression phase, but backwards by a
lesser amount.

(A)

(B)

Figure 9 - Fish swimmer. The blue area is the static swimmer head, the red is the accordion structure with embedded magnets,
the green area is the beam, the purple area is the fins. In the compression stroke (A), the accordion structure pulls the fins,
causing the fins to close. (B) During the decompression stroke, the spring pushes the fins outward, causing the fins to open .

The swimmer required a static housing as the head of the swimmer. A 6 in. long piece of
½ in. by ½ in. square polycarbonate pipe was used as the housing with a 3d-printed wedge on the
leading end of the swimmer head. A diagram 3D CAD model of the two halves of the wedge is
shown in Figure 10. This design caused issues because the inside cavity of the swimmer head
would retain air, which affected the balance of the swimmer. The swimmer head was changed to
a 3D-printed part. The design of this part is shown in Figure 11.
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(A)

(B)

Figure 10 – (A) 3D CAD model of half of the wedge for the swimmer's leading end. Two halves were put together to make the overall wedge
shape (B) dimensioned top view of the initial fish swimmer’s leading edge. The forward part of the leading edge is 12.5mm thick and the rear part
of the leading edge is 9 mm thick. All units are in mm

(A)

(B)

Figure 11 – (A) CAD model of the redesign of the fish swimmer head. (B) The swimmer is the dimensioned 2D-drawing
that has been extruded by 12.5 mm. All units are in mm

The accordion structure must compress and decompress at a sufficient speed so that the
drag forces on fins are large enough to force the fins to close onto each other. Therefore the
accordion shape must be made of a material with low modulus of elasticity. Past works used a
silicone-based elastomer polydimethylsiloxane along with an embedded hard magnet. This
method, although well documented, proved to be too rigid. Prior works have studied the behavior
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of a 4.85mm thick sample of polydimethylsiloxane with an elastic modulus of 1.45 MPa and a
moment of inertia of 8.87 ∗ 10−8 [12]. Instead, electrical tape with an elastic modulus of
approximately 5M Pa and a moment of inertia of 1.69 ∗ 10−14 was used. The stiffness of the
accordion structure is proportional to the product of the modulus and the moment of inertia of a
geometry. Five B114 rare earth magnets from KJ magnetics were used in this structure. The
magnets were placed such that the north ends of the magnet faced each other. When a field is
applied, both magnets will rotate, creating the accordion shape. A schematic of the folding and
unfolding is included in Figure 12. This initial design resulted in some instability while the
swimmer was being tested. Instead of the expected bending behavior, the entire accordion shape
would occasionally distort as the magnets got too close to each other. To account for this, the
accordion structure was reduced to a 2-magnet accordion shape.

Figure 12- (top) Schematic of initial accordion structure with 5 magnets in open orientation. blue area is
electric tape. Red area is hard magnets. Black arrow is magnetization of respective hard magnets. (bottom)
5-magnet accordion structure in folded configuration

The Tail of the swimmer required a rigid beam pinned to two fins that would be free to
rotate about the edge of one end of the beam. Laser-cut acrylic was used for the beam because it
provided rigidity while maintaining a smooth finish. Two pieces of 75mm x 18mm sized pieces
of a delrin sheet were used for the fins because of delrin’s thin and relatively strong structure.
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The delrin and acrylic were connected together with electrical tape. The initial design of the fin
proved too heavy and caused balancing issues. The fins would be at a noticeably lower elevation
than the head of the swimmer as shown in Figure 13. To account for this, the size of the fin was
scaled down.

Figure 13 - initial version of fish swimmer

This initial swimmer had issues with balancing as well as reliability of the accordion
structure. To account for these, the entire swimmer was scaled down, the accordion structure was
reduced to a 2-magnet system from a 5-magnet system, and the relative size of the rear fins was
reduced. The head of the swimmer was changed to a smaller 3D-printed part. Figure 14 shows
the initial and final version of the fish swimmer.

(A)

(B)

Figure 14- (A)The revised Periodic swimmer. This swimmer used 2 permanent magnets as opposed to 5. (B)
the initial fish swimmer with the 5-magnet accordion structure.
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2.1.2 Fish Swimmer Testing
The fish swimmer was tested under an alternating magnetic field of 200 mT. A schematic
of the setup used is shown in Figure 15. The swimmer was placed in a solution of glycerin and
the external magnetic field was applied perpendicular to the swimmer via a voltage supply
connected to an electromagnet. The field caused the accordion shape to compress. Turning the
field off allowed the electrical tape to relax and decompress. Figure 16 (A) shows the fish
swimmer with the accordion shape in the compressed position and (B) shows the decompressed
position.
(1)

(2)
(3)

(B)
(A)
Figure 15 - test setup used to test the fish swimmer. (A) is the test area of the swimmer. (1) is the pole face
of the electromagnet that will apply a magnetic field. (2) is a tank filled with glycerin. The swimmer will be
placed in this tank. (3) is a ruler that is used to determine the displacement of the swimmer. (B) is the power
supply used to power the electromagnet

(A)

(B)

Figure 16 - (A) swimmer with compressed accordion structure. (B) swimmer with decompressed accordion structure. The
accordion structure is not able to fully decompress.
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After cycling between 200mT and 0 mT 10 times, there were 2 recorded instances of the
swimmer undergoing net displacement. However, the net displacement in those instances was
attributed to causes other than the desired actuation mechanism, which will be discussed in the
Results and Discussion section of the paper. Following these tests, the swimmer was again
redesigned.
The fins of the swimmer were redesigned to include a magnetically activated section that
would support the opening and closing motion of the fin in response to an external field. The
previous design had issues with the fins folding and unfolding during the extension and
compression of the accordion shape. Without sufficient folding during the extension and
compression of the accordion structure, the swimmer would not see a difference in drag on the
fins between the compression and decompression stroke.
Sets of hard magnets were placed on the fins of the swimmer to promote folding of the
fins during the compression stroke of the swimming cycle. The placement of the magnets is
shown in Figure 17. With these redesigned fins, there would be an additional magnetic force
pushing the fins to open or close. The hard magnets attached to the fins were B111 rare earth
magnets purchased from K&J Magnetics. These magnets are 1/16 inch cubes with an internal
magnetization of 1.32 Tesla (13,200 Gauss). The magnets were placed on the fins so that an
applied magnetic field would cause the fins to close. Figure 17 below shows the redesigned fin
attached to an acrylic bar and a schematic of the redesigned fins. This setup was used to test the
fin’s performance.
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(A)

(B)

Figure 17 – (A) redesigned fin for swimmer. The red arrows point to the locations of the hard magnets added. (B)
schematic of the redesigned fins. The purple areas are the fins, the blue area is the acrylic attaching the pins to the
accordion structure, and the red area is the added permanent magnets with their magnetization direction

Testing of the swimmer gave results that were completely unexpected. The addition of
the magnets to the fin caused the entire swimmer to rotate along its length. It was found that the
magnets were not placed symmetrically on the tails of the fin. This resulted in a net torque being
applied on the entire swimmer. While this behavior was undesirable for the periodic swimmer, it
would lead to be a fundamental method of driving the auger swimmer. At this point, testing of
the fish swimmer stopped.
2.2.1 Auger Swimmer Fabrication
The design of the auger swimmer used a 3d-printed auger shape with a specific
configuration of hard magnets and soft magnetic material shown in Figure 18. By oscillating the
field perpendicular to the main axis of the auger, the swimmer would rotate so that the
quasistatic magnetic potential energy (Zeeman energy) associated with the configuration of the
hard and soft magnets would be minimized. For this particular system, the device rotates until
the minimum Zeeman energy state, which corresponds to the point where the net torque on the
system reaches 0, is achieved. As the direction of the external field is varied, the system would
oscillate between two stable orientations. By alternating the external field, the device could be
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repeatedly transitioned between these two stable configurations, causing the swimmer to rotate
continuously, thereby generating a net thrust and hence displacement.

b

a

(A)

(B)

Figure 18 – (A) The 3d-printed auger with attached coupled magnets. The blades are 1.5mm thick with a pitch of 13 mm.
(B) The initial configuration of the hard magnet (a and the section of paperclip (b). The magnetization of the acrylic is
pointed away from the acrylic piece. The swimmer has a height of 35mm and a width of 26mm. The length of the
paperclip is 10 mm. The acrylic piece has dimensions 3.5mm*2.5mm*25mm

The initial prototype for the swimmer utilized a 3d-printed auger. The model of the auger
was found online [17]. A B114 hard magnet from KJ magnetic was placed perpendicularly to a 1
cm section of paperclip and both the magnet and paperclip were mounted on a small section of
acrylic using electrical tape. This acrylic part was glued to one end of the auger using hot glue.
Figure 18 shows the initial prototype of the rotating swimmer as well as the orientation of the
hard magnet and section of paperclip. The perpendicular orientation of the hard magnet with
respect to the paperclip aids rotation of the auger, enabling forward motion of the swimmer in a
continuous fashion. This will be further discussed in the Results and Discussions section.
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2.4 Auger Swimmer Testing
The auger swimmer was placed in a container filled with glycerin. An external 200 mT
external field was applied to the swimmer using a voltage supply and a large electromagnet. The
magnetic field was then oscillated between positive and negative 200 mT. The field would be
set, the swimmer’s rotation would be recorded, and the magnetic field was reversed. The initial
tests resulted in inconsistent data. The swimmer would rotate in one direction most of the time,
but would periodically reverse its motion before resuming rotating in the original orientation.
Figure 19 shows the experimental setup used to test the rotating swimmer.

Figure 19 - experimental setup used to test rotating swimmer. The coupled magnets are placed on the right side of the auger
and the external field is applied between the two poles of the electromagnet

The rotation of the swimmer was inconsistent. The torques experienced by the coupled
magnets was examined and will be discussed in the results and discussions section. Based on the
analysis of the torques, the coupled magnets were placed in a different orientation. The soft
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magnet was placed 135 degrees apart from the permanent magnet. The starting position
corresponds to the orientation where the hard magnet is perpendicular to the external field.
Figure 20 below shows the revised coupled magnets. An analysis of this swimmer is provided in
the Results and Discussions section, but no testing has been performed.

Figure 20- revised coupled magnets arrangement. This is identical to the setup in Figure 18. The soft magnet is orientated
135 degrees away from the hard magnet
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Results and Discussion

3.1 Results of testing fish swimmer
The fish swimmer was tested in a solution of glycerin and subjected to an external
magnetic field that would change between 200mT and 0 mT as shown in Figure 15. The
swimmer was put through 10 oscillations of 0 to 200 mT external fields. This was done 10 times.
When testing the fish swimmer, the data gathered for a particular swimmer was
inconsistent. The initial test of the swimmer yielded a net displacement and the behavior of the
swimmer matched what was expected. When the accordion structure was extended, it could be
seen that swimmer had advanced forward. When the accordion structure compressed, the
swimmer head would move backwards slightly while the rear fins would move forward.
When this same swimmer was tested at a later time, it was found that the swimmer did
not undergo a net displacement. After running 9 more tests, similar results were found. During
the seven of the nine following tests, the swimmer had generated no net displacement. However,
two of the nine test had yielded a significant net displacement. The successful tests had a slightly
different initial condition. The unsuccessful tests had the swimmer start aligned with the center
of the two electromagnet faces. The successful tests had the swimmer off center to the center of
the two electromagnet pole faces. Figure 21 shows the difference in initial starting position for
the 3 cases.

(A)
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(B)

(C)

Figure 21 - picture showing the different starting positions for 3 of the 9 test runs. (A) and (B) 2 experienced no net
displacement while (C) experienced a significant net displacement.

Based on the inconsistencies of the test runs due to the initial conditions, the magnetic
field generated by the 2 faces of the electromagnet was measured spatially. A Lakeshore Model
455 DSP gaussmeter was used to measure the magnitude of the magnetic field due to in the
space between the 2 faces of the electromagnet. The magnetic field was measured along a
straight line that cuts through the pole faces of the electromagnet at an elevation of 4 cm off the
bottom face. These measurements are shown in Figure 22.
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Figure 22 - graph of the magnetic field generated by the large electromagnet as a function of
distance from the left edge at a height of 4 cm off the bottom pole face.

From Figure 22, it is apparent that the field generated by the electromagnet is not
uniform. The center of the magnet, which is at a distance of 6.5 cm from the edges, has the
strongest field. This non-uniformity in the generated magnetic field explains why the swimmers
that started at the edge underwent a net displacement but the swimmers that started at the center
did not undergo a net displacement. The edge of the pole face has a spatial magnetic field
gradient that would cause the swimmer to experience a magnetic force pushing it toward the
center of the pole faces. The periodic swimmer depended on a difference in drag forces during
the two swimming strokes. One key assumption for this swimmer was that the external magnetic
field was uniform. In this case, the spatial magnetic field gradient was large enough to overcome
the difference in drag forces experienced by the two halves of the periodic swimmer.
The pole faces are circular, which should imply that this distribution of magnetic fields
should be symmetric about the center (distance = 6.5 cm). The electromagnet was initially
running under an applied load of 20 amps, but was at 19.7 amps by the time the measurements
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were taken. With the large currents going through the wires in the electromagnet, the temperature
of the wires will inevitably rise and increase the resistance of the electromagnet which would in
turn decrease the current and output magnetic field generated. As data was measured from x = 0
to x = 13 cm, the current running through the electromagnet was decreasing while the resistance
of the electromagnet increased. This caused the measurements of magnetic field strength to be
slightly skewed so that the maximum field is at x < 6.5 cm. Similar data about magnetic field
strength as a function of spatial position was gathered for another electromagnet and is shown in
appendix a.

3.2 Discussion on Driving Torque and Stability Points of Rotating Swimmer
As mentioned earlier, the continuous swimmer used a combination of permanent and
temporary magnets in order to generate a continuous motion. When a single magnetic field is
placed in a magnetic field and restricted to rotate about an axis that is perpendicular to the
magnetic field, the hard magnet will first align to the magnetic field. However, when the field is
reversed, the hard magnet should have no preference which direction it rotates in order to align
itself with the reversed magnetic field if it is aligned exactly anti-parallel to the external field.
Figure 23 shows a figure demonstrating this.
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(A)

(B)

Figure 23 – (A) the hard magnet has a preferential direction of rotation when offset from being parallel to the external
field. (B) the magnet has no preferential direction of rotation when the magnetic field is suddenly flipped.

By introducing a soft magnet in the form of a paperclip that has a fixed position relative
to the permanent magnet, a continuous rotation can be generated by creating a preferential
direction of rotation. For the system consisting of only a permanent magnet, the stability point
occurs when the magnet is perfectly aligned with the external magnetic field. By adding a soft
magnet which has a magnetization that depends on the external magnetic field, the stability point
of the system will be shifted depending on the magnitude of the external field. To find these
stability points, the equations for torque generated by a hard magnet and a soft magnet must be
examined.
The equation for torque exerted on the hard magnet is straight forward and is shown described
by equation 5 in the introduction. The internal magnetization (M) as given by the manufacturer is
13200 gauss, the external magnetic field is measured, and the demagnetizing matrix is assumed
to be that of an infinite cylinder (see equation 10). Using equation 5 and the values given earlier,
a MATLAB Code was written to calculate the torque experienced by a permanent magnet as it
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rotated throughout a positive magnetic field as illustrated in Figure 23. The MATLAB code for
all calculations of torque is included in appendix b. Figure 25 shows the torque experienced by a
permanent magnet as a function of angle from horizontal (perpendicular to external magnetic
field with magnetization pointing to the right) for various external field strengths.
0 0 0
𝐷𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = [0 . 5 0 ]
0 0 .5

Figure 24 - schematic of the orientation of the permanent magnet corresponding to theta = 0.
Theta increases with counterclockwise rotation.

(10)
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Figure 25 - torque experienced by a cylindrical magnet as a function of angle from perpendicular to external field. The cylindrical magnet
has an internal magnetization of 1.32 Tesla. The orientation of the hard magnet where theta = 0 is shown in figure Figure 24. Theta = 360
degrees is physically identical to the case where theta = 360 degrees

At orientations where the magnet is perpendicular to the external field (theta = 0 and
theta = 180 degrees), the magnet experiences the largest torques. At orientations where the
magnet is aligned with the field (theta = 90 and 270 degrees), the magnet experiences no torque.
However, the orientation where theta = 270 degrees is an unstable equilibrium. If theta is
increased by any amount, the magnet will experience a positive torque. If theta is decreased any
amount, the magnet will increase a negative torque. In the case of a slight positive or negative
offset from theta = 270 degrees, the magnet will experience torque until it reaches theta = 90
again, where it is at a stable equilibrium. On the plot, the stable equilibrium positions correspond
to values theta where torque = 0 and the slope of the line at the value is negative. The unstable
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equilibrium positions correspond to points where the slop is positive at the theta values where
torque = 0.
The torque experienced by a soft magnet is more difficult to derive, but was shown by
equation 9 in the introduction. A paper clip of length 10 mm and radius .5 mm was used. The
demagnetizing matrix is assumed to be the same as for the permanent magnet because the soft
magnet’s shape is a long slender rod. The paperclip is assumed to be made out of steel, which
has a susceptibility (x) of 40. The torque on a paperclip was plotted as a function of angle is
shown in Figure 26. Theta corresponds to the orientation where the soft magnet’s length is
parallel to the external field and is shown in Figure 27. The definition of theta = 0 is different for
the case of the soft magnet and hard is different and this is done because the hard and soft
magnet will be coupled together. This is discussed later in this section.

Figure 26 - torque experienced by a paperclip as a function of theta. Theta measures counterclockwise
rotation from the initial orientation shown in Figure 27. This orientation corresponds to theta = 0
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Figure 27 - theta = 0 orientation for the soft magnet. Theta increases as the soft magnet is
rotated counterclockwise.

The data plotted for the soft magnet and the hard magnet are both over a range of 360
degrees. However, examining the plots for each show that the soft magnet has twice as many
equilibrium points where the geometry will experience no net torque. The soft magnet has
equilibrium points at theta = 0, 90, 180, and 270 degrees. Of these orientations, theta = 0 and 180
degrees (parallel to the external field) are stable equilibrium and theta = 90 and 270 degrees
(perpendicular to the external field) are unstable equilibrium.
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Figure 28 - torque experienced by a swimmer due to a positive external magnetic field as a function of theta,
counterclockwise rotation from original position shown in Figure 29. Schematics of the rotation of the coupled
magnets at each point is shown for clarity.

Figure 29 - configuration of initial position for coupled hard and soft magnet. The green area is the hard magnet with
the black arrow indicating its magnetization direction. The red area is soft magnetic. This position corresponds with
theta = 0 in all the relevant graphs. The orange upwards pointing upwards represent a positive external field. When
the field is reversed, the arrows would point downwards.
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By adding the torque values from the hard and soft magnet, the net magnetic torque on
the swimmer can be calculated and is shown in Figure 28. The initial position is shown in Figure
29. For an external 200 mT field, the torque on the swimmer still has 4 equilibrium points. Like
the soft magnet, 2 of these are stable equilibrium and 2 of these are unstable equilibrium. The
unstable equilibrium points are at theta = 90 and 270 degrees (points B and E in Figure 28),
identical to the soft magnet. The stable equilibrium points occur at theta = 22.2 degrees and theta
= 158.7 degrees (points A and C in Figure 28)) By introducing the soft magnet, the equilibrium
points have been shifted. With the equilibrium positions shifted, it could possible to allow the
swimmer to rotate in one direction. To prove this, the torque experienced by the swimmer due to
a negative magnetic field must be examined. The result is given by Figure 30.

F
A
B

C

D

E

Figure 30 - Torque experienced by the auger swimmer for a -200mT external magnetic field. Increasing values of
theta correspond to counterclockwise rotation starting from the initial position shown in Figure 29. Schematics of
the rotation of the coupled magnets at each point is shown for clarity.
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If the auger swimmer is placed at an initial orientation corresponding to point A in Figure
28 for the case of a 200 mT field, the swimmer would be at a stable equilibrium point as shown
in Figure 28 . At this point, if the field were reversed, the particle would then be at point A in
Figure 30 and experience a clockwise (negative) torque. This would cause the swimmer to rotate
clockwise until point F in Figure 30. If the field is then reversed again, the swimmer will follow
the curve in Figure 28 corresponding to 200 mT and rotate counter clockwise and arrive at the
initial starting position at A. Following this simple idea of reversing the field should not yield a
complete rotation and therefore no net rotation. The initial rotating swimmer did experience a net
displacement, but it did so because the applied field did not instantly reverse. The field started at
200 mT, but was gradually reversed. This gradual reversal allowed the swimmer to rotate. To
explain this, the curves corresponding to 200 mT and 60 mT in Figure 28 and Figure 30 must be
discussed further. A plot of the torques experienced by the swimmer at 200 and 60 mT in the
both directions is shown in Figure 31.

(A)

(B)

Figure 31 – (A) torque experienced by swimmer due to a positive external field. (B) torque
experienced by swimmer due to a negative external field.
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The swimmer initially starts at point A in Figure 31. At this point, the swimmer is in a
stable equilibrium. The field is not instantly reversed, but is instead gradually reversed. The field
will change continuously until it reaches -200 mT. If we consider this change in magnetic field in
3 discrete steps, some interesting behaviors will arise. When the field transitions from 200 mT to
60 mT, the stability point shifts from point A to point B. If the swimmer is allowed to fully reach
B, then when the field becomes negative, the swimmer will be in an unstable equilibrium
position and the behavior will be unpredictable. If the external field transitions to negative before
the swimmer reaches B, then the swimmer will experience a clockwise (negative) torque when
the field becomes negative. When the field transitions to -60 mT, the swimmer will approach the
stable equilibrium at point E. If the swimmer achieves this position before the field changes to 200 mT, then the swimmer will once again be in an unstable position. If the swimmer does not
achieve this position, then it will experience a torque that pushes it to F.
Fixing the 2 magnets 90 degrees apart and applying a 200 mT oscillating field yielded
inconsistent rotations and this is explained by the relationships between stability points and
external fields above. By transitioning from 60 mT to 200 mT in either the positive or negative
field, an orientation of stable equilibrium would change to an unstable one and the torque
experienced by the swimmer would qualitatively change. This results in inconsistent measured
rotations.
To allow the swimmer to continuously rotate in one direction, the configuration of the
magnets was changed. The soft magnet would be placed 135 degrees away from the hard magnet
as opposed to 90 degrees. The theoretical net torque experienced by the swimmer is shown in
Figure 32 and for various external fields as a function of angular displacement. The position
corresponding to theta = 0 is the same as shown in Figure 29, with the exception that the soft
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magnet is now rotated another 45 degrees counter clockwise. This geometry is shown in Figure
20.

D’

A’

(A)

D’

A’

(B)

Figure 32 – (A) Torque experienced by the auger swimmer under a positive magnetic field for the coupled
magnets shown in Figure 20. (B) torque experienced by the auger swimmer under a negative external field for the
coupled magnets shown in Figure 20.

For both the positive and negative external field, the auger swimmer can have either 2 or
4 equilibrium points depending on field strength. This is shown in Figure 32 when the curve for
the torques is zero. This is the same as the case where the magnets were placed 90 degrees apart.
If the external field is oscillated between 60 mT and -60 mT, then it is possible to force the
swimmer to only rotate in one direction because along the 60 mT curve, there is only one stable
equilibrium point. If the swimmer is placed in a + 60 mT external field, it will always rotate until
it reaches its single stability point at point A’ on Figure 32. At this point, if the field is reversed,
the swimmer will rotate until it reaches D’. This behavior is shown in Figure 33. The swimmer
start at orientation A’, which is a stable equilibrium point. When the field is reversed, the
swimmer will be at position H’. This transition from one curve to another represents the change
from a positive external field to a negative one. At point H’, the swimmer will experience a
positive counter clockwise torque and naturally rotate until it reaches position D’. Once position
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D’ is reached, the field is reversed again and the swimmer will be at position G’. Once the
swimmer is in position G’, it will again experience a positive counterclockwise torque and
naturally rotate to position A’. The cycle can then repeat indefinitely

Figure 33 - Counterclockwise positive rotation cycle for auger swimmer with coupled hard and soft magnet offset
by 135 degrees. This plot overlays the 60mT case for the positive and negative field. If the swimmer starts at
position A’, the field is reversed and the swimmer will be at position H’. The swimmer will then rotate until it
reaches position D’. At position D’, the field is reversed and the swimmer will be at G’. At position G’, the swimmer
will naturally rotate to point A’. This cycle can then repeat indefinitely. A schematic is included pointing to each
point that shows the orientation of the swimmer’s coupled magnets at those points.
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Conclusions

This work sought to develop a method of low Reynolds swimming utilizing magnetically
activated geometries. A fish swimmer that utilized an accordion structure was developed and
tested. The fish swimmer ultimately failed due to a non-constant magnetic field. A continuously
rotating auger-based swimmer was developed and tested. The auger swimmer ultimately failed
due to the overlap between unstable and stable equilibrium points for opposite external magnetic
fields. Although the tested auger swimmer was not shown to be reliable and stable, the
groundwork for a working swimmer has been established. Due to time constraints, the last
iteration of the auger swimmer was not tested. A mathematical model for the torque on the auger
swimmer was developed and it proved that by applying a weaker external field and changing the
orientations of the coupled magnets, the swimmer would be able to experience a net torque that
would cause it to rotate continuously in one direction.
With respect to fabricating and testing the fish swimmer, some new information was
gathered. There is a limit to the usefulness of adding additional magnetic patches to an accordion
structure. Adding additional patches leads to a higher chance that the structure will behave
unpredictably. Our initial test of the 5-section accordion structure had instances where the
accordion structure would twist instead of bend.
Testing the fish swimmer, although unsuccessful, showed that the testing conditions
within the edges of an electromagnet are not uniform. The fish swimmer relied on a uniform
magnetic field so that the only forces affecting the swimming motion should be the drag forces
acting on the fish swimmer’s head and fin. The magnetic field was shown to not be uniform with
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respect to radial distance. For experiments that require a uniform field, the current setup cannot
be used.
Calculating the torque experienced by the auger swimmer yielded some interesting data.
When calculating the torque experienced by the swimmer due to a coupled hard and soft magnet,
there is a critical value for the external field strength at which the coupled magnet will transition
from having 4 equilibrium points (2 unstable and 2 stable) to having 2 equilibrium points (1
stable and 1 unstable). This phenomenon could potentially have applications in other areas
beyond low Reynolds swimming.
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Appendices
a.) Magnetic Field characterization for C-shaped Magnet

This appendix reports the measured values of the magnetic field for the c-shaped magnet
shown in Figure 34. This shows that the magnetic field generated between 2 poles of an
electromagnet is nonuniform and this unevenness must be taken into account whenever using
electromagnets for experiments.

Figure 34 - C-shaped magnet that is powered by a DC power source. The magnetic field was
characterized as a function of spatial position

Figure 35 - magnetic field measurements along the bottom face of the c-shaped magnet using an applied 2 amp
current. Measurements are in mT
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Figure 36 - magnetic field measurements of the c-shaped magnet at a height of 9.375 mm from the bottom face
and 2 amps. Measurements are in mT

Figure 37 - magnetic field measurements for the c-shaped magnet at a height 18.75 mm from the bottom face (halfway
between the two faces) and a 2 amp current. Measurements are in mT
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Figure 38 - magnetic field measurements for the c-shaped magnet at a height of 28.125 mm from the bottom
face and at a current of 2 amps. Measurements are in mT

Figure 39 - magnetic field measurements for the c-shaped magnet at an elevation of 37.5 mm (the top face) and a
current of 2 amps. Measurements are in mT
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b.) MATLAB Code used for calculating Torque

This appendix reports the MATLAB code used to calculate torque on the various coupled
magnet configurations

a1) Permanent magnet code
%{
Name:Kevin Li
Purpose:This function will give the torque due to an applied magnetic field
on a permanent magnet for various external fields and orientations with
respect
to the external field
%}
clc
var
var
var
var
var
var
var
var
var
var
var
var
var
var
var

m;
h;
n;
r;
u0;
h_new;
theta;
m_new;
store;
counter;
volume;
counter2;
value;
torquematrixp;
thetamatrixp;

volume = 6.37*1.6*1.6*10^-9;
%this gives the volume of the magnet
counter2 = 1;
theta = 0;
% sets the angle for the first reiteration of the loop
counter = 1
;
% used as an index referred to when storing data values
u0 = 4*pi*10^-7;
% units: Tesla/(amp/meter) - permeability of free space
m = [13200*(10^-4)/u0
0
0];
% units: amps/meter - this reflects the value in x-direction of the
rectangular prism permanent magnet
h = [0
-159155
0];
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% units: amps/meter - this reflects a 200mT vertical field. This can be
adjusted depending on what field is applied to the permanent magnet
n = [0 0 0
0 .5 0
0 0 .5];
% this is the demagnetization matrix for a thin wire (maybe our rectangular
prism applies)

while h(2)<=00;
% this is the start of a loop that will adjust the eternal field down to 0
while theta<(2*pi+.001);
% this is the start of a loop that will adjust theta from 0 to pi/2
r = [cos(theta) -sin(theta) 0
sin(theta) cos(theta) 0
0
0
1];
%this is the rotation matrix for rotations about the z-axis
B = u0*(h-r*n*m);
%this is the H-field adjusted for demagnetization (amps/meter)
m_new = r*m;
%this is the m-value adjusted for rotation
store = cross(m_new,B);
%this computes the cross product in order to give the torque density
value(counter2,counter) = store(3);
%this stores the z-component of the torque density
thetamatrix(counter) = theta;
%variable thetamatrix stores theta values
counter = counter+1;
%advances counter by 1
theta = theta+pi/18;
%advances theta by 1
end
counter = 1;
h(2) = h(2) + 159155/10;
%adjusts field for next reiteration. This value can be adjusted if different
fields are desired.
theta =0;
% sets angle to 0 again. If a different initial angle is being analyzed, that
angle should be used instead
counter2 = counter2+1;
end
torquematrix = -volume*value
%units of newton*meter. Remove the negative to make the case for the positive
field. If the initial field is reversed instead, the outcome will be the
same.
figure
plot(360/2/pi*thetamatrix,torquematrix)
xlabel('theta (degrees)')
ylabel('torque (Newton*meter)')
legend('200mT','180mT','160mT','140mT','120mT','100mT','80mT','60mT','40mT','
20mT','0mT')
grid on
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set(gcf, 'Color', [1,1,1]);

a2) Soft Magnet Code
%{
Name:Kevin Li
Purpose:This function will give the torque due to an applied magnetic field
on a soft magnet for various external fields and orientations with respect
to the external field
%}
clc

var
var
var
var
var
var
var
var
var
var
var
var
var
var
var
var
var
var
var
var

m;
h;
n;
r;
u0;
h_new;
theta;
m_new;
store;
counter;
value;
volume;
torquematrix;
thetamatrix;
counter2;
fieldmatrix;
length;
radius;
x;
torque;

x = 40;
%Susceptibility of iron
length = 10*10^-3;
%length of the wire in m
radius = .5*10^-3;
% radius of the wire in m
volume = length*pi*radius^2;
%this gives the volume of the magnet
counter2 = 1;
theta =0;
% sets the angle for the first reiteration of the loop
counter = 1
;
% used as an index referred to when storing data values
u0 = 4*pi*10^-7;
% units: Tesla/(amp/meter) - permeability of free space
h = 159155;
% magnetic field amp/meter
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while h >= 0;
% this is the start of a loop that will adjust the eternal field down to 0
while theta<(2*pi+.001);
torque = u0*(.5*x*(h^2)*2*cos(theta)*sin(theta)+.5*x/(x+1)*(h^2)*2*cos(theta)*
sin(theta)+.5*2*cos(theta)*sin(theta)*((h*x/(x+1))^2));
% this calculates the torque on the soft magnet due to the external field. If
the initial angle changes, the value of the theta check term should increase
by the same amount
value(counter2,counter) = torque;
%this stores the z-component of the torque density
thetamatrixs(counter) = theta;
%variable thetamatrix stores theta values
counter = counter+1;
%advances counter by 1
theta = theta+pi/18;
%advances theta by 1
end
counter = 1;
h = h - 159155/10;
% adjusts field for next reiteration. This step can be adjusted depending on
what fields are desired
theta = 0;
% sets angle to 0 again. If a different initial angle is being analyzed, that
angle should be used instead
counter2 = counter2+1;
end

torquematrixs = volume*value

%units of newton*meter

figure
plot(360/2/pi*thetamatrixs,torquematrixs)
xlabel('theta (degrees)')
ylabel('torque (Newton*meter)')
legend
('200mT','180mT','160mT','140mT','120mT','100mT','80mT','60mT','40mT','20mT',
'0mT')
grid on
set(gcf, 'Color', [1,1,1]);

a3) Combiner Torque Code

%% combiner for many torques
close all
totaltorque = torquematrix+torquematrixs;
% Sums torques from soft and hard magnet
xaxismatrix = zeros(1,max(size(thetamatrix)));
% Creates zero axis
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figure
plot(360/2/pi*thetamatrix,totaltorque)
hold on
plot(360/2/pi*thetamatrix,xaxismatrix)
grid on
xlabel('theta (degrees)')
ylabel('torque (Newton*meter)')
legend
('200mT','180mT','160mT','140mT','120mT','100mT','80mT','60mT','40mT','20mT',
'0mT')
set(gcf, 'Color', [1,1,1]);
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