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ABSTRACT 
In this research, we investigate multi-stimuli responsive multi-
material structures by combining shape memory polymers 
(SMPs) with magnetoactive fillers. Our objective is to design 
3D-printed composites with local and global magnetoactive 
filler gradients, which exhibit complex shape actuation under 
magnetic and thermal fields. We first carry out a rheological 
study of SMP dispersions containing surface-treated magnetic 
particles to understand the effect of magnetic particle surface 
treatment, additives content, and shear rate on the complex flow 
behavior. Our findings reveal that dispersions filled with 
surface-treated magnetic particles exhibit enhanced shear 
thinning behavior and shape integrity compared to 
unfunctionalized dispersions. The improved rheological 
behavior and shape integrity are important results that indicate 
that PEG-functionalized SMP composites are promising 
candidates for direct ink printing. To create complex actuation, 
a 3D printing system is designed in a way that the magnetic 
particle-SMP dispersions are oriented using both shear and an 
external magnetic field, enabling a local angular gradient of 
magnetic particles. In addition, a global gradient is designed-in 
by varying the volume fraction of magnetic particles in the SMP 
suspensions. By adjusting the local and global gradients of 
magnetic particles within the SMP, different actuation patterns 
can be achieved. SEM analysis confirms the presence of the 
global gradient in iron oxide particles and their alignment along 
the magnetic field direction post-printing. Vibrating Sample 
Magnetometry (VSM) studies reveal an improved mass 
magnetization along the length of the printed samples, moving 
away from the printing origin. In addition, the iron oxide weight 
percent in the samples increases from 2.5 wt.% at the printing 
origin to 12.5wt.% at the end, creating a pronounced Fe3O4 
global gradient. These findings contribute to the development of 
advanced stimuli-responsive materials with tunable properties 
for various applications where complex shape actuation is 
required, including soft robotics, and biomedical devices.  

Keywords: Rheology, 3D-printing, shape memory polymer, 
magnetic properties, iron oxide 

1. INTRODUCTION
Over the last few years, shape memory polymers 

(SMPs) have gained significant interest due to their unique 
functionality and properties. SMPs are widely epoxy-based due 
to their excellent mechanical properties and strong chemical 
resistance [1]. SMPs experience significant changes in stiffness 
and are able to return to their “remembered” shape when exposed 
to a stimulus, most often a change in temperature [2][3][4]. To 
achieve shape memory effect, a thermally actuated SMP can be 
brought above its glass transition temperature, fixed into a 
temporary shape, and cooled to lock in place. Then when the 
SMP is brought back above its glass transition temperature it 
returns to its original “remembered” shape without external 
forcing [5]. To achieve a multi-stimuli responsive composite, the 
SMPs can be filled with magnetoactive particles. When an 
external magnetic field is applied, the embedded magnetic 
particles can deform the polymer mechanically as they attempt 
to align with the external magnetic field [6]. The polymers filled 
with magnetoactive particles are referred to as magnetoactive 
SMPs and are manipulated by external thermal and magnetic 
stimuli. Magnetoactive SMPs with programable properties have 
gained significant interest as versatile candidates for biomedical 
applications due to their actuation capabilities, shape memory 
effect, and sensing capabilities [7]. 
Iron oxide (Fe3O4) has a wide range of applications due to its 
magnetic and functional properties. Fe3O4 microparticles 
function as superparamagnetic materials. Superparamagnetic 
materials have no remnant magnetization meaning no 
magnetization occurs when an external magnetic field is 
removed [8]. Such magnetic particles can be classified as soft 
magnets. When exposed to an external magnetic field, the Fe3O4 
microparticles are magnetized and rapidly align with the external 
field due to their high magnetic susceptibility. The quick and 
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strong response to external magnetic fields and the ease to obtain 
Fe3O4 particles make them great candidates for many 
applications such as magnetic resonance imaging, biological 
detection, and biomedical uses [9], [10]. 
The actuation patterns of magnetoactive SMPs are governed by 
the localization, orientation, and volume fraction of magnetic 
particles embedded within the polymer matrix. This research 
aims to design and fabricate a magneto-active SMP composite 
using Direct Ink Writing (DIW) and featuring both global and 
local Fe3O4 gradients to achieve different actuation patterns. 
Here “global gradient” refers to the deliberate variation of Fe3O4 
volume content from the start to the end of print. “Local 
gradient” refers to the intentional orientation of Fe3O4 within the 
polymer matrix. Attempting to develop such SMP composite 
requires addressing processing challenges. Firstly, due to the 
high surface charge of Fe3O4 particles which leads to 
agglomeration, surface modification is imperative to achieve a 
composite with uniform dispersion and distribution of Fe3O4 
particles. Secondly, the continuous increase in the weight 
percentage of Fe3O4 particles throughout the 3D printing process 
alters the rheology of the SMP inks dynamically. Therefore, to 
ensure a uniform print the composition of SMP inks must be 
tailored in a way that the rheological properties and shear 
thinning behavior of SMP inks remain as close as possible across 
varying Fe3O4 concentrations. The study also explores the 
operating shear rate window in which the rheological properties 
of the SMP inks are relatively the same as each other despite the 
change in SMP composition. Thirdly, achieving a local gradient 
of Fe3O4 within the SMP necessitates the design of a 3D printer 
capable of extruding the SMP ink through a magnetic field, 
subsequently locking the Fe3O4 chaining post-exposure due to 
the soft magnetic properties of Fe3O4 particles. To secure the 
Fe3O4 particles in place, the printer must be engineered to 
facilitate the mixing of the crosslinking agent with the SMP 
composite immediately upon exiting the magnetic field. Lastly, 
this research characterizes the magnetic properties, magnetic 
particle weight percent, and the Fe3O4 localization and chaining 
over the printed composite to assess our approach. The outcomes 
of this research contribute to our understanding of multi stimuli-
responsive materials, especially those designed for 3D printing 
to exhibit structural anisotropy for controlled shape actuation. 
 
2. MATERIALS AND METHODS 

 
2.1 Materials 
In this research, epoxy resin (EPON 8111, Hexion Inc. ®) was 
used as the matrix and an aliphatic amine as the curing agent 
(EPIKURE 3271, Hexion Inc. ®). Magnetic particles (Fe3O4) 
with a diameter of 1-5 µm and 99.9% purity were purchased 
from Atlantic Equipment Engineers. Low molecular weight 
polyethylene glycol400 (Alfa Aesar) was utilized for magnetic 
particle surface treatment. Fumed silica (99% purity, McMaster-
CARR) was used as the rheology modifier. 
 
 
 

2.1.1 Iron Oxide Functionalization 
To coat a layer of polyethylene glycol on the surface of the 
magnetic particles, 1 g of Fe3O4 was combined with 30 ml of 
deionized water. This mixture underwent ultrasonication using a 
750-watt ultrasonic homogenizer (Cole-Parmer, Vernon Hills, 
IL) for 5 minutes at 40% amplitude, aiming to disperse any 
particle clusters. Following this, the Fe3O4 particles were isolated 
and reserved for later use. Subsequently, 9 g of polyethylene 
glycol (PEG) was dissolved in 21 g of deionized water to create 
30 wt.% of PEG aqueous solution. The solution was then 
homogenized using a magnetic stirrer at 80°C and a stirring 
speed of 200 rpm for 20 minutes. Once cooled to ambient 
temperature, the Fe3O4 particles were added to PEG solution. For 
thorough mixing of the Fe3O4-PEG dispersion, a mechanical 
stirrer operated for 1 hour at room temperature with a speed of 
200 rpm. This was succeeded by a centrifugation step for 3 
minutes at 10,000 rpm using an Allegra X-30 Centrifuge 
(Beckman Coulter, Indianapolis, IN) to separate the PEG-
functionalized Fe3O4 particles from the dispersion. The separated 
particles were then washed twice with deionized water to remove 
surplus PEG and centrifuged again under the same conditions. 
Post-washing, the particles were dried in an oven at 80°C for 2 
hours. The functionalized Fe3O4 particles were then stored for 
ink preparation. 
 
2.1.2 Ink Preparation 
Three SMP inks with different compositions of epoxy, fumed 
silica, and surface treated Fe3O4 were prepared (see Table 1). 
Initially, the epoxy resin was combined with fumed silica. 
Following this, Fe3O4 microparticles were incorporated into the 
mixtures. To eliminate any clusters, each sample underwent a 
sonication process for 5 minutes at 40% amplitude. 
 
Table 1. Composition of SMP_Silica_Fe3O4_PEG30 Inks 

Sample nomenclature Epoxy 
wt.% 

Fumed 
Silica wt.% 

Fe3O4 
wt.% 

SMP(94.85)-Silica(2.65)-Fe3O4(2.5)-
PEG30 

94.85 2.65 2.5 

SMP(90.99)-Silica(1.51)-Fe3O4(7.5)-
PEG30 

90.99 1.51 7.5 

SMP(86.37)-Silica(1.13)-Fe3O4(12.5)-
PEG30 

86.37 1.13 12.5 

 
2.2 3D-Printing of SMP Inks 
To achieve local-angular and global gradient of magnetic 
particles within the printed layer, a specific 3D-printing setup 
was designed. To control the printing process, we programmed 
the 3D-printer with a g-code file to print a 50×150×2.5 ml cube. 
The 3D-printing design schematic is shown in Figure 1. First, we 
loaded SMP_Silica_Fe3O4_PEG30 inks into the printer’s 
syringe. The inks were designed such that the weight percentage 
of Fe3O4 magnetic particles linearly increased from 2.5 wt.% at 
the syringe tip to 12.5 wt.% at the base, ensuring a controlled 
gradient in magnetic particle concentration throughout the 
printed object. The operational mechanism of our system relied 
on the precise delivery of the SMP inks at a flow rate of 1.61 
ml/min through a magnetic field generated by an 3.5A close 
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circuit. A magnetic shield was placed beneath the field to prevent 
any unintended magnetic influence on the non-targeted sections 
of the ink stream. To lock the magnetic particles' orientation as 
well as localization within the polymer matrix, a stream of 
EPIKURE curing agent was concurrently administered at a flow 
rate of 0.9 ml/min using a syringe pump. This stream blended 
with the SMP ink immediately after exiting the magnetic field 
zone. The resultant mixture was then deposited onto the build 
platform through a robotically controlled extrusion nozzle with 
a quarter-inch diameter. 

 
Figure 1. 3D-printing process of SMP schematic: Dispersed 
Fe3O4 particles in random coil epoxy resin (a), Fe3O4 chains 
formed under the magnetic field within shear-induced elongated 
epoxy resin chains (b), and Fe3O4 locked chains within the 
crosslinked epoxy matrix (c) 
 
2.3 Characterization Tests 
 
2.3.1 Particle Dispersions 
In order to study the morphology and magnetic particle 
dispersion in the composite, a Verios G4 scanning electron 
microscope was used for imaging of the planar surface of the 
composite. A layer of iridium was sputtered on the surface of the 
composite before conducting the micrography. 
 
2.3.2 Magnetic Characterization 
The magnetic properties of the SMP composites were assessed 
using a Vibrating Sample Magnetometer (VSM) (MicroSense 
LLC, Lowell, Massachusetts). This advanced technique allows 
for the precise measurement of a material's magnetic response by 
vibrating the sample within a uniform magnetic field and 
detecting the induced electrical current in surrounding precision 
coils. The vibrational motion of the magnetic material in the 
magnetic field generates an electrical induction, which is 
captured by large coils to determine the material's magnetization 
across varying magnetic field strengths. Through this process, 
we are able to construct magnetic hysteresis loops for our 
samples, providing invaluable insights into their magnetic 

behaviors. The VSM test was performed on each sample in both 
in-plane and out-of-plane orientations. This dual-mode approach 
was employed to assess any anisotropic characteristics within the 
composite's structure, ensuring a thorough understanding of its 
directional magnetic properties. 
 
2.3.3 Rheology 
Rheological study of SMP inks was conducted using a rotary 
viscometer (IKA Rotavisc hi-vi, Wilmington, NC). 
Measurements were conducted over a shear rate range from 10 
to 200 s-1, employing a VOL-SP-6.7 spindle at ambient 
temperature. The power law equation (Equation (1)) was then 
employed on the results to understand the complex flow behavior 
under shear stress. 

 
𝜏 = 𝑘𝛾̇𝑛  (1) 

 
Where 𝜏 is shear stress (Pa) 𝛾̇ is shear rate (s-1), 𝑘 is power law 
consistency constant (Pa.𝑠𝑛), and 𝑛 is power-law index. Also, 
based on the formula of the viscosity of a dispersion (Equation 
(2)), Equation (3) can be used to study the rheological behavior 
of SMP inks under shear stress. 

𝜂 =
𝜏

𝛾̇
 (2) 

𝜂 = 𝑘𝛾̇1−𝑛 (3) 

                                      
2.3.4 Velocity Profile of Non-Newtonian Flow 
To determine the 3D-printing window where the rheological 
behavior of different compositions of SMP inks is relatively the 
same as each other, the velocity profile of a non-Newtonian 
pressure driven laminar fluid flow in a tube (see Figure 2) was 
derived. Considering the forces acting on the fluid in the pipe, 
based on Cauchi momentum equation (Equation (4)), it may be 
shown that: 
 

𝜌
𝑑𝑢

𝑑𝑡
= ∇. 𝜎 + 𝑓 

(4) 

                            
Where 𝜌 is density of the fluid, 𝑢 is the flow velocity, 𝑡 is time, 
𝜎 is the Cauchy stress tensor, and 𝑓 accounts for body forces 
present [11]. 

 
Figure 2. The velocity profile schematic of a non-Newtonian 
pressure driven laminar fluid flow in a tube 
 

3 Copyright © 2024 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/SM

ASIS/proceedings-pdf/SM
ASIS2024/88322/V001T01A003/7392416/v001t01a003-sm

asis2024-140167.pdf by G
eorgia Institute of Technology, C

arolyn Seepersad on 24 July 2025



 

3. RESULTS AND DISCUSSION 
 
3.1 Rheology 
Rheological properties are crucial to describing the behavior of 
inks in direct ink writing. As the weight percent of Fe3O4 
increases over the 3D-printing process, the viscosity and shear 
thinning behavior of SMP inks change continuously. This means 
that, in order to achieve a uniform print, either the flow rate needs 
to be adjusted very quickly, or the rheology of the inks should be 
engineered in a way that increasing the weight percent of Fe3O4, 
maintains the same rheology characteristics, regardless of the 
relative content of the constituents in the ink. We first conducted 
a comprehensive rheological study on 
SMP_Silica_Fe3O4_PEG30 inks to understand the effect of ink 
composition, magnetic particle surface treatment, and the shear 
rate on the viscosity and flow behavior. After meticulous data 
analysis of 41 data sets, we developed an empirical equation (see 
Equation (5)) that can anticipate the power law index (𝑛) value 
as a function of the fumed silica volume fraction (𝑣1) and Fe3O4 
volume fraction (𝑣2). 
 

𝑛 =  −2.0193(1.93𝑣1
0.1 + 𝑣2

0.5) + 4.0494  
, 𝑅2 ≈ 0.99 

(5) 

 
we then set the power law index values to 0.6, and calculated the 
volume fraction of the constituents to create SMP inks loaded 
with 2.5, 5, 7.5, 10, 12.5, and 15 wt.% Fe3O4. As can be seen in 
Figure 3a, the viscosity decreases with increasing shear rate. This 
behavior means that all the SMP inks exhibit shear thinning 
behavior, which is vital for successful direct ink writing [12]. In 
particular, within the moderate regime where the shear rate is 
below 30 1/s, the viscosity difference in all samples is less than 
4.5 Pa.s; this difference in the viscosity for the various  SMP 
compositions at each shear rate is relatively small and it is 
unlikely to cause issues to the uniformity of the print. Moreover, 
with the incremental increase in Fe3O4 volume content across 
zones—but still under 2.5 wt.%—the viscosity change is 
minimal, not exceeding 1 Pa.s. Figure 3b shows the power law 
index and power law constant as a function of Fe3O4 and fumed 
silica wt%. The power law constant, which is an indication of the 
level of shear thinning behavior of the flow, is in the range of 
0.56 to 0.72 [13]. It means that increasing the Fe3O4 loading does 
not affect the level of shear thinning behavior. Moreover, the 
power law constant, which represents the flow consistency, or in 
other words the shape integrity of the resin after deposition, is in 
the range of 9 and 16 for all samples [14]. Considering the low 
difference in viscosity magnitudes of SMP inks with different 
compositions at all shear rates, and relatively similar power law 
index and power law constant values, the rheological properties 
of the SMP inks will be relatively the same as each other over 
the 3D-printing process. According to Figure 3a, at 39 1/s, the 
viscosity of SMP(94.85)_Silica(2.65)_Fe3O4(2.5)_PEG30 and 
SMP(9314)_Silica(1.86)_Fe3O4(5)_PEG30 see a decrease of 1 
Pa.s.; at this high shear rate, this change may introduce 
complications and may merit further consideration when 

processing. To ensure no such issue happens during the 3D-
printing, we define an operating window in which the 
rheological properties are the same and linear logarithmic shear 
thinning behavior takes place. To find the upper limit of the 
operating window, we need to derive the velocity profile of a 
power law pressure driven pipe flow using Equation (4). Based 
on the g-code we used to program the 3D-printing process, the 
printer begins moving after 1 minute of depositing SMP inks to 
reach steady state. As for the modeling assumptions we consider 
steady state, axisymmetric flow behavior, unidirectional flow, 
and fully developed flow. Now Equation (4) can be written as 
follows (Equation (6)): 
 

 

 
Figure 3. Viscosity versus shear rate (a) and power law index 
and power law constant as a function of Fe3O4 and fumed silica 
wt.% (b) for SMP inks 

𝜌 [
𝜕𝑢𝑧

𝜕𝑡
+ 𝑢𝑟

𝜕𝑢𝑧

𝜕𝑟
+

𝑢𝜃

𝑟

𝜕𝑢𝑧

𝜕𝜃
+ 𝑢𝑧

𝜕𝑢𝑧

𝜕𝑧
] = 

−
𝜕𝑃

𝜕𝑧
+ [

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜏𝑟𝑧) +

1

𝑟

𝜕

𝜕𝜃
(𝜏𝜃𝑧) +

𝜕𝜏𝑧𝑧

𝜕𝑧
]         

(6) 

𝜏𝑟𝑧 = 𝑘 (
𝜕𝑢𝑧

𝜕𝑟
)

𝑛
                                (7) 

 
Boundary conditions: @ 𝑟 = 𝑅 → 𝑢𝑧 = 0, 𝑢𝑧 ≠ ∞ 
We can then solve the Cauchi momentum equation for SMP 
inks: 

Operating window 

(a) 

(b) 
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𝑢𝑧(𝑟) =
𝑛

𝑛 + 1
(

𝑅𝑛+1∆𝑃

2𝑘𝐿
)

1
𝑛

(1 − (
𝑟

𝑅
)

𝑛+1
𝑛

) 
(8) 

 
Where 𝑢𝑧(𝑟) is the velocity profile of SMP inks with power law 
index 𝑛 and power law constant 𝑘 in a tube with radius of 𝑅, 
length of 𝐿, and pressure difference of ∆𝑃. Now, we can derive 
the flow rate from Equation (8): 
 

Q = ∫ uzdA =
nπR3

3n + 1
(

R∆P

2kL
)

1
nL

0

 

(9) 

 
The shear stress on the wall can be calculated using Equation 
(10): 
 

τw =
R∆P

2L
                                       (10) 

 
To define the upper limit of the operating window, we consider 
the 39.59 s-1 as the maximum shear rate. At this shear rate, the 
shear stress is 137.87 Pa. Also, we know that the maximum shear 
stress on the fluid is on the walls [15]. So, the maximum shear 
rate can be calculated by Equation (11): 
 

Qmax =
nπR3

3n + 1
(τmax)

1
n 

(11) 

 
Considering SMP(93.14)_Silica(1.86)_Fe3O4(5)_PEG30 
rheological constants and the radius of the tube to be a quarter 
inch, the maximum flow rate below which the rheological 
properties are relatively the same is 930.366 ml.min-1. Based on 
the fact that we print at 2.56 ml.min-1, we are well within the 
operating window shown in Fig. 3a. 
In summary, the rheological properties of the 
SMP_Silica_Fe3O4_PEG mixtures remain consistent across 
varying Fe3O4 concentrations, by making rheological 
adjustments to the SMP_Silica_Fe3O4_PEG30 mixtures. This 
understanding of the rheological behavior allows us to maintain 
the viscosity variations to below 4.5 Pa.s, while the range of both 
the power law index and power law constant is between 0.56-
0.72 and 9-16, respectively. Modeling the flow behavior of this 
non-Newtonian fluid within a tube confirms that the rheological 
characteristics of the inks remain stable under flow rate of 930 
ml/s. 
 
3.2 Magnetic Properties 
To investigate the global gradient of SMP composites we define 
seven zones as illustrated in Figure 4. Then VSM tests were 
conducted on samples from each zone to investigate their 
magnetic properties. Figure 5a shows the magnetic hysteresis 
loops of different zones of SMP composite printed without a 
magnetic field. The hysteresis loops all cross the x-axis at zero 

which confirms that the Fe3O4 microparticles have no remnant 
magnetization and are soft magnetic materials [16]. 

Figure 4. 5cm×10 cm SMP divided into seven zones where the 
print starts from zone1 (origin) and ends at zone7 
 
In Figure 5a, the y-axis represents the magnetic flux density, or 
strength of magnetic field within the SMPs. The maximum 
magnetic   flux  densities  of  all  zones  occur  with  the  highest  
external field applied as expected. It can be seen that the 
maximum magnetic flux density increases across each zone with 
zone1 having the lowest and zone7 having the largest. These 
results correspond to the global gradient across the printed 
samples with zone1 having the lowest weight percentage of 
Fe3O4 at 4.98% and zone7 having the highest weight percentage 
of Fe3O4 at 11.46%, as shown in Figure 5b. 
 

 

Figure 5. Hysteresis loops of different SMP zones (a) and Fe3O4 
weight percent of each SMP zone (b) 

(b) 

(a) 
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The varying magnetic flux densities indicates that the different 
zones will respond differently to applied external magnetic 
fields; i.e., once the composite is exposed to a uniform external 
magnetic field, the level of actuation of each zone will be 
different, enabling the composite to exhibit a more complex 
deformation. This approach can be applied in designing 
magneto-active SMPs to create complex actuation patterns by 
controlling the localization of magnetic particles in different 
locations of the polymer matrix. 
 
3.3 Iron Oxide Particles’ Localization in SMP 
SEM was conducted to investigate the Fe3O4 particles' 
distribution within the polymer matrix. Figure 6 shows the SEM 
micrographs of SMP samples printed without magnetic field (H 
= 0). As can be seen in both Figure 6a and Figure 6b, Fe3O4 are 
well dispersed within the matrix which is mostly due to the PEG 
surface treatment. Another notable observation is the higher 
volume content of Fe3O4 in zone6 compared with zone5. This 
shows that the printing technique is effective at creating a global 
gradient along the printed magnetoactive SMP. 

Figure 6. SEM micrographs of SPM zone5 (a) and zone6 (b) 3D 
printed without magnetic field (H = 0) 
 
To determine whether the printing method is able to establish a 
local gradient of Fe3O4, SEM was conducted on SMP composite 
3D printed under a magnetic field (See Figure 7). As illustrated 
in Figure 7a, Fe3O4 microparticles form chains, with thin chains 
aligning along the path of printing, which is also the path of the 
applied magnetic field. Figure 7b and Figure 7c confirms the 
Fe3O4 chain formation through the direction of the magnetic 
field. This local gradient proves the method of applying an 
external magnetic field via coiled copper wire is strong enough 
to locally align the Fe3O4 microparticles. 
 
4. CONCLUSION 
Surface modification of Fe3O4 particles with polyethylene glycol 
(PEG) significantly enhances their dispersion within the epoxy 
matrix, resulting in a more homogeneous distribution of Fe3O4 
particles. Fumed silica plays an important role in the shear 
thinning behavior observed in the SMP_Silica_Fe3O4_PEG30 
inks. Notably, the rheological behavior of these inks remains 
consistent when flowing through a nozzle with a quarter-inch 
diameter at flow rates below 930 ml/min. Moreover, a controlled 
global gradient of Fe3O4 particles has been successfully 
achieved, enabling the customization of material properties 
according to the requirements of the end-use application. 

Additionally, by applying a magnetic field, a local gradient, or 
'chaining', of Fe3O4 is achieved. This novel approach of 
integrating both shear forces and magnetic fields paves the way 
for the development of materials with intricate and complex 
actuation patterns. 
 

 

Figure 7. Schematic of 3D-printed SMP showing the local and 
global gradient of Fe3O4 (a) and SEM micrographs of SPM 
zone5 3D printed under magnetic field at two different 
magnifications (H ≠ 0) (b, c) 
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