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 A B S T R A C T

Purpose: To model and predict the dynamics of conductive nonmagnetic objects moved within the MRI room 
under the influence of Lenz effect. High frequency motions, like vibrations induced by gradient eddy currents 
are not taken into account.
Methods: The dynamics are described by an ordinary differential equation and the Lenz effect approximated 
under the assumption of negligible skin effect. This allows to separate the Lenz effect dependency on the object 
position and velocity, leading to a simple numerical procedure for objects of any shape.
Results: The proposed model and numerical procedure were validated with experimental data recording the 
rotation of an aluminium plate falling inside a 1.5 T MRI scanner. The model was also applied for studying 
the translation of an aluminium plate pushed with constant force towards the MRI bore through the fringe 
field.
Conclusion: The collected results showed that it is possible to obtain accurate predictions of motion in the 
presence of Lenz effect by neglecting the skin effect while determining the motional eddy currents induced in 
the metallic object.
. Introduction

The static field 𝐵⃗0 of a magnetic resonance imaging (MRI) scan-
er introduces numerous safety concerns and is considered by the 
uidelines regulating the safety of both patients and operators [1]. 
esides physiological temporary effects like vertigo, metallic taste and 
agnetophosphenes [2], the introduction of metallic objects that would 
xperience strong forces in the MRI room is a significant hazard [3]. 
onetheless, conductive nonmagnetic objects are also susceptible to 
echanical forces when moved within the static field, due to the 
orentz forces associated with the motional eddy currents. This phe-
omenon is often called the Lenz effect [4,5].
Lorentz forces arise every time an electric current flows through an 

bject immersed in a magnetic field, so, in addition to being the origin 
f the Lenz effect, they cause vibrations in conductive nonmagnetic 
bjects exposed to the switching gradient field of the MRI scanner [5]. 
ince the vibrations develop within the static field, they generate 
otional eddy currents of the second-order, that are particularly rel-
vant in many aspect of MRI hardware design, including the modelling 
f magnet heating [6], magnet shielding [7] and acoustic noise [8]. 
owever, a recent mathematical investigation of the phenomenon sug-
ested that no mechanical effects of concern are induced in passive 

∗ Corresponding author.
E-mail address: a.arduino@inrim.it (A. Arduino).

orthopaedic implants, like hip, knee or shoulder replacements, by either 
Lenz effect, or gradient-induced vibrations [9].

In the past years, some efforts were devoted to the safety assessment 
of heart valves with moving metallic parts [4,10–12]. In these passive 
implants, valve opening and closing are induced by variations in blood 
pressure. However, the damping forces associated with the Lenz effect, 
acting as an additional fluid friction, slow down the valve motion, with 
the risk of increased regurgitation and decreased cardiac output.

Condon and Hadley [4] performed a first, highly conservative eval-
uation of the damping forces due to motion in the static field 𝐵⃗0 of 
realistic valves with metallic strengthening rings. Robertson et al. [10] 
improved the assessment, by including the Lenz effect and blood vis-
cosity in Newton’s equation of motion, to predict the actual delay in 
valve opening and closing. With respect to the opening time under 
normal conditions, there was a 1% delay at 1.5T, and a 3.5% delay 
at 3T. Despite these figures were not alarming, significant delays were 
predicted in higher field scanners. Other authors [11] questioned these 
results, suggesting that the delays that would occur in a real heart valve 
with a metallic strengthening ring were overestimated because of the 
neglected skin effect. Actually, the velocities involved in the motion 
of heart valves make the skin effect negligible. A valve immersed in a 
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uniform static field and performing a rotation of 90◦ in 10ms [11] is 
experiencing, in the frame of the rotating valve, a rotating magnetic 
field at the extremely low frequency of 25Hz. Assuming a conductivity 
of 1MSm−1, at this frequency the eddy currents have a penetration 
depth of about 10 cm and no skin effect is visible in valves of realistic 
size. This still holds true at higher frequencies, corresponding to higher 
velocities of motion [13]. The skin effect claimed in [11] is due to a nu-
merical artifact that may affect the implementation of the finite element 
method (FEM) for the eddy-current problem with 𝑇 −𝛺 formulation in 
non-simply connected domains. To avoid such an artifact and obtain 
the physically consistent solution, it is required to include in the finite 
element model the basis function associated to a non-contractible loop 
enclosing the ring hole [14,15].

None of the previous papers [4,9–11] provide an experimental 
validation of their results. The only exception is a comparison between 
the computed and measured torques experienced by a nonmagnetic 
metallic frame with 5 cm sides moving at 20 cm s−1 in the fringe field 
of the scanner [5]. On the other hand, Edwards et al. [12] collected 
measurements of the pressure experienced by different commercially 
available heart valves when moved through the static field of a 1.5T
scanner, but their results cannot be directly compared with other 
numerical evaluations.

In this paper, a simple procedure to model the dynamics at low fre-
quency of conductive nonmagnetic objects in the static field of an MRI 
scanner, inspired by the analysis of Robertson et al. [10], is proposed. 
The proposed procedure can be applied to objects of any shape and, in 
principle, can follow any kind of sufficiently slow dynamics, allowing 
the investigation of the Lenz effect for any kind of implantable medical 
device. In particular, it is presented here , with an educational intent, 
in specialized form to problems of rotational or translational motion 
of a rigid body with one degree of freedom, like a rotating plate or 
a plate translating along a straight line. The proposed procedure was 
experimentally validated in the homogeneous static field of a 1.5T MRI 
scanner.

2. Theory

Consider a conductive nonmagnetic body moving in a (possibly non 
uniform) static magnetic field 𝐵⃗0. According to the Lenz effect, the body 
will experience velocity dependent Lorentz forces due to the induced 
eddy currents.

Either a rotation or a linear translation of a rigid body, described by 
one degree of freedom 𝑞, induced by an external forcing term 𝐹ext (𝑡, 𝑞), 
possibly depending on time 𝑡 and system state 𝑞, is governed by the 
second order ordinary differential equation (ODE) 

𝐼𝑞 = 𝐹ext (𝑡, 𝑞) + 𝑓lenz(𝑞)𝑞̇ , (1)

where 𝐼 is the inertia coefficient (mass for translations, moment of 
inertia for rotations) and 𝑓lenz(𝑞) is the Lorentz force (or torque for 
rotations) the body would experience if moving with a unitary velocity 
in 𝑞. This multiplicative separation between 𝑓lenz(𝑞) and 𝑞̇ relies on the 
assumption that the skin effect is negligible at any reasonable velocity.

Eq.  (1) can be further enriched to take into account additional 
effects, like damping due to blood viscosity in the modelling of heart 
valves [10], or more degrees of freedom. The approximate solution can 
be computed by well-known numerical methods.

Difficulties in simulating the dynamics in the presence of the Lenz 
effect arise in the determination of the function 𝑓lenz(𝑞), that can be 
expressed analytically in closed form for only a few simple cases, like 
the rotating circular plate (see Section 2.1). In the case of generic ob-
jects and motions, the computation of 𝑓lenz(𝑞) has to rely on numerical 
simulations as shown in Section 2.2.
2 
Fig. 1. Rotating circular plate. (a) Diagram of the falling plate in the 𝑦̂ ⊗ 𝑧̂
plane with one degree of freedom 𝜗; the force of gravity 𝑚𝑔 and the constraint 
force 𝑉  are reported. (b) Diagram of the falling plate in a view perpendicular 
to the plate itself. In blue, the circle (𝑟) of radius 𝑟 concentric with the 
plate. The gray circular arrows inside the plate depict the current density 𝐽
induced by the plate rotation in a homogeneous magnetic field 𝐵⃗0 = 𝐵0𝑧̂. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

2.1. Rotating circular plate

One of the few cases where an analytical expression of 𝑓lenz can be 
computed in closed form is the circular plate of negligible thickness 𝑑
rotating in a spatially uniform magnetic field 𝐵⃗0.

With reference to the notation introduced in Fig.  1a, consider a plate 
with radius 𝑅 rotating around an horizontal axis parallel to 𝑥̂, while the 
magnetic field is directed along the horizontal axis 𝑧̂ (i.e., 𝐵⃗0 = 𝐵0𝑧̂). 
The rotation is described by the evolution of the angle 𝜗 of the plate 
with respect to the vertical axis 𝑦̂ and the plate is perpendicular to the 
field when the angle is null.

Since we are assuming that the plate thickness 𝑑 is considerably 
smaller than the radius 𝑅, only the magnetic field component normal 
to the plate plays a role in the induction of eddy currents that develop 
on the plane containing the plate. Such a normal component is defined 
as 

𝐵𝑛 = 𝐵⃗0 ⋅ 𝑛̂(𝜗) = 𝐵0𝑧̂ ⋅ (− sin(𝜗)𝑦̂ + cos(𝜗)𝑧̂) = 𝐵0 cos(𝜗) . (2)

Therefore, independent of the origin of motion, if the plate rotates with 
angular velocity 𝜗̇, it will experience a uniform variation in the normal 
component of magnetic flux density 
𝜕𝐵𝑛
𝜕𝑡

= −𝐵0 sin(𝜗)𝜗̇ . (3)

To preserve the symmetry of the problem, such a uniform varia-
tion induces circumferential motional eddy currents whose intensity 
depends exclusively on their distance from the circular plate centre, 
namely 

𝐽 (𝑟, 𝜑) = 𝐽 (𝑟)𝜑̂ , (4)

being 𝑟 and 𝜑 the polar coordinates having origin in the circular plate 
centre, as depicted in Fig.  1b. By neglecting the skin effect, i.e., by 
neglecting the magnetic field produced by the motional eddy currents 
themselves, the current intensity can be evaluated through a direct 
application of the integral Faraday’s law, 

∮𝜕(𝑟)
𝐽 ⋅ 𝜑̂ d𝑙 = −∫(𝑟)

𝜎
𝜕𝐵𝑛
𝜕𝑡

d𝑠

⇒ 2𝜋𝑟𝐽 (𝑟) = −𝜋𝑟2𝜎
𝜕𝐵𝑛
𝜕𝑡

⇒ 𝐽 (𝑟) =
𝑟𝜎𝐵0 sin(𝜗)𝜗̇ ,

(5)
2
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where (𝑟) and 𝜕(𝑟) denote, respectively, the circle of radius 𝑟 con-
centric with the plate and its boundary (see Fig.  1b) and 𝜎 denotes the 
plate electric conductivity.

The induced eddy currents lead to the density of Lorentz forces 

𝑓 = 𝐽 × 𝐵⃗0 =
𝑟𝜎𝐵2

0
2

sin(𝜗)𝜗̇𝜑̂ × 𝑧̂ . (6)

A null net force corresponds to 𝑓 , to which, however, a non-null torque 
around 𝑥̂ is associated. With reference to Fig.  1b to identify the lever 
arm, such a torque can be quantified as 

𝑇 (𝜗, 𝜗̇) = 𝑑 ∫(𝑅)
𝑓 ⋅ 𝑛̂ 𝑟 sin(𝜑)

⏟⏟⏟
lever arm

d𝑠

= 𝑑
𝜎𝐵2

0
2

sin(𝜗)𝜗̇∫(𝑅)
𝑟2 sin(𝜑)(𝜑̂ × 𝑧̂) ⋅ 𝑛̂ d𝑠 .

(7)

Since the scalar triple product is unchanged under a circular shift, 
(𝜑̂ × 𝑧̂) ⋅ 𝑛̂ = (𝑛̂ × 𝜑̂) ⋅ 𝑧̂ = −𝑟̂ ⋅ 𝑧̂ = − sin(𝜗) sin(𝜑), (8)

where the expression of 𝑟̂ ⋅ 𝑧̂ as a function of the angles 𝜗 and 𝜑 can be 
deduced with reference to Fig.  1. By substituting the latter in (7) and 
solving the integral, we get 

𝑇 (𝜗, 𝜗̇) = −𝑑
𝜎𝐵2

0𝑅
4𝜋

8
sin(𝜗)2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑓lenz(𝜗)

𝜗̇ , (9)

from which the analytical expression of 𝑓lenz is obtained.
This derivation can be extended to thin rings [10] as well.

2.2. Numerical procedure

In general, 𝑓lenz(𝑞), i.e. the Lorentz force (or torque for rotations) 
the body would experience if moving with a unitary velocity in 𝑞, can 
be approximated numerically according to the following procedure.

The interval of admissible values for the degree of freedom 𝑞 is dis-
cretized in small subintervals. In each subinterval, denoted by [𝑞𝑖, 𝑞𝑖+1], 
a constant velocity ⃗𝑣 is assigned to each material point of the object and 
is computed as the difference between its position at 𝑞𝑖+1 and 𝑞𝑖 divided 
by the time needed to move from 𝑞𝑖 to 𝑞𝑖+1 with a unitary velocity in 
𝑞. Moreover, the average value of 𝐵⃗0 experienced in the subinterval is 
assigned to each material point. The motional eddy currents induced in 
the moving object can be estimated by solving the magneto quasi-static 
problem [16] 
{

∇ ⋅ (𝜎∇𝜙) = ∇ ⋅ (𝜎(𝑣 × 𝐵⃗0)) ,  in 𝛺
𝑛 ⋅ ∇𝜙 = 𝑛 ⋅ (𝑣 × 𝐵⃗0) ,  on 𝜕𝛺

(10)

with respect to the electric scalar potential 𝜙. In the latter, 𝛺 ⊂ R3 is 
the computational domain, corresponding to the moving object, 𝜕𝛺 is 
its boundary and ⃗𝑛 is the outward normal unit vector. Once the problem 
is solved, the current density can be computed as 𝐽 = 𝜎(−∇𝜙+ 𝑣× 𝐵⃗0).

In a way analogous to the previous section, the vector product 
between 𝐽 and 𝐵⃗0 provides the density of Lorentz forces 𝑓 , from which 
the value of 𝑓lenz(𝑞) is deduced in the midpoint of the interval by proper 
integration over 𝛺. The function 𝑓lenz(𝑞) is then approximated for any 
value of 𝑞 by linear interpolation of the computed values.

3. Methods

Two possible motions of a thin aluminium (6061T6, 𝜌 = 2700 kgm−3,
𝜎 = 37.7MSm−1) plate of thickness 𝑑 = 2.1mm in a 1.5T MRI room 
were simulated: the rotation inside the scanner under the action of 
gravity (see Fig.  1a); and the translation in the fringe field when 
pushed towards the scanner bore. In both the cases, the dynamics with 
and without the Lenz effect were simulated to quantify its impact on 
motion.

The rotation under the action of gravity was also reproduced ex-
perimentally and recorded with a camera to validate the proposed 
procedure.
3 
3.1. Simulations

A circular plate of radius 𝑅 = 150mm and a square plate with side 
𝐿 = 295mm were considered. The former only for the rotation, the 
latter for both motions. All the numerical simulations were performed 
by solving (10) with the FEM on a hexahedral structured mesh and 
trilinear nodal elements. The element size was of about 0.26mm along 
the plate thickness and 3mm in the other directions. The resulting 
linear systems were solved with a direct method based on Cholesky 
decomposition. The validity of the proposed numerical procedure was 
verified by comparing the approximation of 𝑓lenz with the analytical 
solution provided by (9) in the case of the rotating circular plate.

The rotation evolved as illustrated in Fig.  1a: the plate was placed 
almost vertically (initial angle 𝜗(0) = 3◦) on the bed inside the scanner 
bore and perpendicular to 𝐵⃗0, so the torque due to the force of gravity 
and the constraint force induced the rotation. In this case, the degree 
of freedom was the angle 𝜗 of the plate with the vertical direction 𝑦̂. 
Being 𝑚 the plate mass, the moment of inertia was 𝐼 = 5 𝑚𝑅2∕4 for 
the circular plate, and 𝐼 = 4 𝑚𝑅2∕3 for the square plate with 𝑅 = 𝐿∕2. 
The forcing term was the torque 𝐹ext(𝜗) = 𝑚𝑔𝑅 sin(𝜗) with gravitational 
acceleration 𝑔. The Lenz effect 𝑓lenz(𝜗) was provided by (9) or by a 
numerical simulation for the circular and the square plate, respectively.

In the second test, the plate, perpendicular to the direction 𝑧̂ of the 
static field, was translated towards the scanner bore with a constant 
force 𝐹ext ≡ 20N. In this case, the degree of freedom was the coordinate 
𝑧 of the plate barycentre in a reference system whose origin is the 
scanner isocenter. The coefficient of inertia was provided by the plate 
mass 𝑚. The Lenz effect 𝑓lenz(𝑧) was provided by a numerical simulation 
with the fringe field of the realistic actively shielded magnet already 
used by Zilberti et al. [9]. The plate was assumed centred horizontally 
(𝑥 = 0), whereas two heights were considered, 𝑦 = 0 and 𝑦 = 300mm. 
In the former case, the plate is moved along the scanner longitudinal 
axis and is pushed inside the scanner bore; in the latter case, the plate 
is moved at a height corresponding to the edge of the scanner bore, so 
the motion is limited at the outside of the scanner.

An implicit Adams method [17] was used to solve (1).

3.2. Experiment

A square aluminium plate was placed in a 1.5T scanner to iden-
tically reproduce the rotation simulation. The starting plate angle of 
about 3◦ was held with a wood stick. The fall was recorded five times 
with the camera positioned in front of the plate, just outside the scanner 
bore at the same height as the upper edge of the plate.

As depicted in the diagram of Fig.  2a, the apparent plate height, 
denoted by 𝑠(𝜗), changes in each frame of the video. It can be related 
to the plate angle 𝜗 ∈ [0, 90◦] according to the bijective relation 

𝑠(𝜗) = 𝐿
(

cos(𝜗) − 1
𝐷 − 𝐿 sin(𝜗)

𝐷 + 1
)

, (11)

being 𝐷 the distance from the camera to the plate.
To determine the apparent plate height 𝑠(𝜗) at each instant of the 

recorded videos, the following algorithm was applied. For each video, 
first, the plate fulcrum was determined manually on the first frame. 
Subsequently, all the frames were rotated to correct for the camera 
angle by imposing that the fulcrum is horizontal (correction angles of 
about 2◦). Then, the filter sketched in Fig.  2b was applied to each frame 
to detect the plate upper edge. Precisely, it consists in the following 
steps:

1. The difference between sequential frames is computed to cancel 
the static components.

2. The difference images are denoised and the upper and largest 
connected region is identified. This region extends from the 
position of the upper edge in the previous frame (top of the 
region bounding box, denoted by 𝑢 ) to its position in the 
𝑖+1∕2
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Fig. 2. Experimental setup and data processing. (a) Diagram of the experiment 
illustrating the dependence of the apparent plate height 𝑠(𝜗) on the plate angle 
with respect to the vertical direction, 𝜗, and frontal view in a frame of the 
recorded videos. (b) Graphical representation of the procedure followed to 
determine the plate upper edge in the 𝑖-th frame of the recorded videos. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

next frame (bottom of the region bounding box, denoted by 
𝑙𝑖+1∕2), allowing its determination. Here, the index 𝑖 + 1∕2 is 
associated with the difference image between the (𝑖 + 1)-th and 
the 𝑖th frames.

3. In order to reduce the uncertainty in the procedure, the upper 
edge of the plate in the 𝑖th frame is determined as the average 
(𝑙𝑖−1∕2 + 𝑢𝑖+1∕2)∕2 (red line in Fig.  2b).

4. If necessary (especially in the first and last frames), the result is 
corrected manually.

The difference between the upper edge of the plate and the fulcrum 
provides 𝑠(𝜗) expressed in pixels. Since 𝐿 ≈ 𝑠(3◦)∕ cos(3◦) and 𝐷 =
𝐿(𝑠(90◦)−𝐿)∕𝑠(90◦), their values expressed in pixels were derived from 
the first and last frames. Finally, Eq. (11) was inverted according to a 
4 
Fig. 3. Comparison between analytical and numerical solutions. On top, the 
trend of 𝑓lenz(𝜗) for the rotating circular plate evaluated by the analytical 
expression (9) (solid black line) and by the numerical procedure (red dots). 
On bottom, the discrepancy between the two evaluations.

look-up table to retrieve the value of 𝜗 associated with any measured 
value of 𝑠(𝜗).

4. Results

Fig.  3 reports the trend of 𝑓lenz(𝜗) for the rotation of the circular 
plate. Precisely, the estimation provided by the proposed numerical 
procedure is compared with the analytical solution (9). The largest 
discrepancy between the numerical and the analytical solutions is less 
than 0.5% of the strongest torque experienced when 𝜗 = 90◦.

The results of the circular and square plate rotation simulated 
dynamics are reported in Fig.  4, with and without 𝐵⃗0. The trends of 
the forcing term 𝐹ext and opposing Lenz effect, described by −𝑓lenz𝜗̇, in 
presence of 𝐵⃗0, are also reported.

Fig.  5 compares the simulated trend of the angle 𝜗 of the square 
plate with the experimental measurements obtained through video 
recording. In particular, the outcomes of the five individual exper-
iments and their average are reported together with the simulation 
result. The standard deviation of the individual experiments at each 
time instant was used as standard uncertainty of the measurement 
result and the expanded uncertainty with coverage factor 2 (corre-
sponding to a level of confidence of approximately 95%) is reported 
in Fig.  5.

Finally, dynamics simulation results of the translation in the fringe 
field of the square plate are reported in Fig.  6, both with and without 
𝐵⃗0. The trends of the forcing term and opposing Lenz effect in presence 
of 𝐵⃗0 are also reported.

5. Discussion

Making a nonmagnetic metallic plate rotate under the effect of 
gravity is a common way to demonstrate the Lenz effect [4]. The 
simulations reported in Fig.  4 of a circular and a square plate estimate 
fall durations of the same order of magnitude as observed by Condon 
and Hadley [4], both with and without 𝐵⃗ . In particular, the simulation 
0
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Fig. 4. Simulations of rotation of circular and square plates. The trend of the 
angle 𝜗 and of the angular velocity 𝜗̇ of the plate with respect to the vertical 
direction are reported in the first and in the second row, respectively, where 
they are compared both with and without the magnetic field 𝐵⃗0. The trends 
of the forcing term 𝐹ext and of the Lenz effect −𝑓lenz𝜗̇ in presence of 𝐵⃗0 are 
reported in the third row.

Fig. 5. Comparison between experiment and simulation. On top, the trend of 
the angle 𝜗 of the square plate with respect to the vertical direction estimated 
by the individual experiments (thin grey lines) and by the average result (solid 
black line) is compared with the simulate result (solid red line). On bottom, 
the discrepancy between the angles estimated by simulations and by averaging 
the experiments is reported. The vertical bars denote the expanded uncertainty 
with coverage factor 2. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
5 
Fig. 6. Simulations of translation of square plate at different heights (𝑦 = 0 and 
𝑦 = 300mm with respect to scanner isocenter). The trend of the position 𝑧 (with 
respect to scanner isocenter) and of the velocity 𝑧̇ of the plate barycentre along 
the 𝑧̂ direction are reported in the first and in the second row, respectively, 
where they are compared both with and without the magnetic field 𝐵⃗0. The 𝑧
at which there is the bore entrance is depicted with dashed lines. The trends 
of the forcing term 𝐹ext and of the Lenz effect −𝑓lenz𝑧̇ in presence of 𝐵⃗0 are 
reported in the third row.

results show that the fall in the 1.5T magnetic field could last even 
more than 100 times the duration of the fall without the magnetic field. 
It is worth noting that the dynamics at the very start of fall is almost 
independent of 𝐵⃗0, because the moment developed by the Lenz effect 
is very low relative to the force of gravity. After about 0.1 s the Lenz 
effect develops a moment slightly larger than the forcing term, leading 
to a deceleration of motion. In the plots of Fig.  4, the two moments 
seem perfectly overlapped, but the greater intensity of the Lenz ef-
fect is revealed by the decreasing trend of the angular velocity after 
approximately 0.1 s. However, the almost perfect superposition of the 
two forces would allow to study this problem under the quasistationary 
approximation [18], i.e., 𝑞 ≈ 0 in (1).

The comparison between the experimental and the simulated data 
reported in Fig.  5 shows that not only the duration of the fall is 
predicted correctly by the model, as already shown elsewhere with the 
quasistationary approximation [18], but the whole trend of 𝜗 during 
motion is also estimated accurately. The recorded videos reported 
extremely repeatable measurements, leading to a near perfect agree-
ment between the individual experiments and the simulation result, 
with a discrepancy lower than 1◦ for almost the entire motion. This 
comparison validates experimentally the proposed model of dynamics 
of metallic objects in presence of the Lenz effect when the skin effect 
is negligible. Moreover, this comparison provides an experimental sup-
port to the results obtained previously with the presented numerical 
method [9,19].

Another common and simple way to observe the Lenz effect is push-
ing a nonmagnetic metallic plate towards the scanner bore. Without 
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the magnet, this operation would be very simple, but the movement 
in the magnet fringe field discovers the opposing Lenz effect. The 
results reported in Fig.  6 show this dynamics by assuming that the 
plate is pushed with a constant force of 20N. It can be seen that, at a 
certain point during motion (near to the bore entrance), a sudden large 
opposing force due to the Lenz effect appears with a magnitude two- 
or three-fold greater than the pushing force, depending on the plate 𝑦-
coordinate. This leads to a sudden strong reduction of the plate velocity, 
which is reduced in less than 0.1 s of more than one order of magnitude, 
giving the operator the feeling of having hit a wall. It is worth noting 
that such a strong force opposing the motion cannot be described by 
the quasistationary approximation [18].

6. Conclusions

In this paper, a simple mathematical model describing the dynamics 
of conductive nonmagnetic objects in the MRI room taking into account 
the Lenz effect is presented. The proposed model describes accurately 
the dynamics of motions whose velocities allow to neglect the skin 
effect when determining the motional eddy currents. This is the case for 
almost any motion of bulk objects, with the exception of vibrations, in 
particular those induced by the eddy currents generated by the gradient 
fields [6,8], that could reach the frequency of few kilohertz. In the 
case, for example, of eddy current shielding, it would not be possible to 
explain the field leakage observed experimentally without taking into 
account the skin effect [7]. The proposed model is complemented by 
a numerical strategy to evaluate the Lenz effect damping the motion 
of objects of any shape. The proposed model has been experimentally 
validated and applied to predict the motion of aluminium plates in 
two contexts with one degree of freedom, that allowed to explain 
numerically typical experiences involving the Lenz effect. The code 
developed to process the experimental data and perform the dynamics 
simulations is provided as Python Jupyter notebooks at: https://doi.
org/10.5281/zenodo.17151932.
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