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Abstract: Plantar pressure plays a crucial role in the pathogenesis of foot ulcers among patients
with diabetes and peripheral polyneuropathy. Pressure relief is a key requirement for both the
prevention and treatment of plantar ulcers. Conventional medical practice to enable such an action
is usually realized by means of dedicated insoles and special footwear. Another technique for foot
pressure offloading (not in medical practice) can be achieved by sensing/estimating the current
state (pressure) and, accordingly, enabling a pressure release mechanism once a defined threshold
is reached. Though these mechanisms can make plantar pressure monitoring and release possible,
overall, they make shoes bulkier, power-dependent, and expensive. In this work, we present a passive
and self-offloading alternative to keep plantar pressure within a defined safe limit. Our approach
is based on the use of a permanent magnet, taking advantage of its non-linear field reduction with
distance. The proposed solution is free from electronics and is a low-cost alternative for smart shoe
development. The overall size of the device is 13 mm in diameter and 30 mm in height. The device
allows more than 20-times the tunability of the threshold pressure limit, which makes it possible to
pre-set the limit as low as 38 kPa and as high as 778 kPa, leading to tunability within a wide range.
Being a passive, reliable, and low-cost alternative, the proposed solution could be useful in smart
shoe development to prevent foot ulcer development. The proposed device provides an alternative
for offloading plantar pressure that is free from the power feeding requirement. The presented study
provides preliminary results for the development of a complete offloading shoe that could be useful
for the prevention/care of foot ulcers among diabetic patients.

Keywords: plantar pressure; passive device; self-offloading; diabetic foot; tunability

1. Introduction

Diabetes is a chronic disease of high concern; irrespective of age and gender, it has
affected every section of society. As of 2021, over 529 million people have been affected
by diabetes globally, which is projected to be 1.31 billion by 2050 [1]. Diabetes mellitus is
related to several complications, such as diabetic retinopathy, nephropathy, and polyneu-
ropathy, with a risk of foot ulceration [2], cardiovascular diseases [3], or some cancers [4].
The presence of peripheral sensorimotor neuropathy [5] among diabetic people is con-
sidered a potential contributor to foot ulceration (FU). Such foot pathogenesis not only
reduces daily mobility, but may also stimulate worsening to the point of lower extremity
amputation and, sometimes, death [6]. FU results in nearly 50% mortality within 5 years of
its occurrence [7] and, therefore, requires immediate attention.With the growing number
of cases of diabetes worldwide, it has become important to address this complex issue.
There are a variety of practices [8–12] available to heal or treat FU. Though it is essential to
pursue the best available treatment depending on the extent of the developed ulcer, on the
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other side, it is also useful to develop methods/tools to minimize the chances of FU among
diabetic patients. With the use of thermometry [13], a personalized alert can effectively be
communicated to pursue the necessary actions, but the continuous monitoring of the local
state(s) of the foot may not be easy for every individual. There is a need for a tool that can
make decisions to effectively limit/minimize the damage to foot skin.

One of the key factors in the prevention of FU development is plantar pressure
(PP) [14–16] reduction. The continuous monitoring and handling of PP requires its mea-
surement and a feedback system to make some adjustments for its redistribution. One of
the ways to gather feedback and make the necessary adjustments is based on involving
patients themselves as decision-makers and/or observers, employing a suitable PP mea-
suring/monitoring device [17–22]. Based on the need and recommendation of a health
consultant, removable or non-removable interventions [23] may be opted for. A non-
removable knee-high offloading device [24] is generally considered to be more effective
than other existing offloading practices. The said intervention has a low rate of acceptance
or adherence by diabetic patients, and the user’s perception and experience are, therefore,
also of paramount importance. This has brought interest in extending research and devel-
opment more into removable interventions. In this direction, the other possibility (not yet
in medical practice) could be based on employing sensors and actuators with appropriate
control mechanisms [25,26]. With the online tracking of pressure and effectively bringing
local changes, PP can be redistributed [27,28]. Such an offloading technique is often referred
to as active offloading, and the key advantage of such a method is the online accessibility
of the local state(s) and, accordingly, enabling the control action for offloading. In our
previous work [29], active-offloading-based intelligent footwear was presented, where
pressure redistribution was conducted based on the activation/deactivation of the mod-
ule(s) employing magnetorheological fluid-based valves. In contrast to the aforementioned
advantages, there are some critical factors to consider when it comes to the daily usability
of the said solution. In general, energy dependency, wiring complexity, and packaging
affect the manufacturers, as well as the users. Depending on the sensing, actuation, and/or
working principle, the overall device cost also becomes significantly high. This makes the
discussed solution less affordable to diabetic patients, either in terms of their daily usability
or financial affordability. A passive solution with the capability of PP redistribution within
a defined safe limit may be an interesting alternative. This can significantly reduce cost,
and depending on the design, it can make the overall shoe design close to the normal daily
shoes. Therefore, it can serve both of the mentioned needs, comprising user experience,
as well as affordability. There are existing passive approaches, such as offloading [30,31],
graded stiffness [32], and cushioning [33], with the capability of PP distribution, but these
approaches lack offline adjustments and are not compatible with detecting/acting against
peak PP within shoes. Works such as [34] provide a pre-defined PP distribution profile,
but because of the larger exposed area, local occurrences may not be effectively handled.
The device in [35] allows PP redistribution more locally with an array of regular hollow
hexagons featuring an edge spacing of 6.5 mm and a thickness of 0.5 mm, but for a given
device, it lacks threshold limit tunability and offloading profile consistency. An offline
tunability feature with reliable performance in such a device would be of additional benefit
as the PP profile can be pre-controlled, depending on the given situation of the diabetic
foot and/or the patient. Local handling and redistribution of the excess pressure were also
considered in our previous work [29]; therefore, we aimed to keep a similar exposed area
for individual modules in this work. We aimed to replace the active offloading module
of [29] with a passive alternative so that the energy dependency, cumbersome electronics,
and cost can be reduced. Sensing assessment studies [36] suggest that plantar pressure may
go higher than 740 kPa for an exposed area smaller than 100 mm2. However, depending on
the individual requirements, the threshold pressure may be much lower (100 kPa or lower).
Keeping such a requirement under consideration, the device in the present work aimed to
exhibit tunability to cover 100–740 kPa as the threshold limit.



Appl. Syst. Innov. 2024, 7, 9 3 of 10

This work proposes the design, development, and experimental validation of a passive
module with offline tunability of its threshold feature with the advantage of a smaller
exposed area of the foot, leading to an effective local handling of PP. The corresponding
system design (Section 2) and numerical simulation (Section 3) are initially presented.
Section 4 discusses the experimental setup and validation of the device working. The
conclusion of the work and future perspectives are discussed in Section 5.

2. System Design and Concept

The module as a device has no access to influence the loading of the user (Figure 1a);
therefore, the total PP (PT) for a given instance is constant and uncontrollable from the
module. On the other hand, the individual PP (Pi, with “i” as the module number) at a given
position can be reduced and redistributed to the other spots. Therefore, the redistribution of
the PP is achievable by enabling proper functioning of the individual modules. Through the
use of passive modules, we aimed to redistribute the PP whenever it reaches a predefined
threshold limit (Pth).

Shoe Base
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Figure 1. Working schematic, energy, compression profile, and device layout.

In Figure 1a, say PP P2 goes beyond Pth, then the corresponding module should be
compressed to distribute the excess pressure among the other modules. This means that
the module should be inert for P < Pth and should follow the compression beyond this
threshold. The extent of loading pressure is also limited by the limit of the module’s com-
pression P < PLimit; therefore, the redistribution of the PP must be sufficiently performed
before the compression limit is reached. In terms of the energy profile, the initial state being
inert for P < Pth should be the lowest and only stable state (one stable state of the device).
This means that after P > Pth, once the load is reduced, the module should be able to go
back to the initial stable state on its own. We can categorize the module energy profile into
3 states (1, 2, and 3) based on the amount of loading (Figure 1b). For the passive module
to operate, in addition to the initially stored energy, the other requirement is to have only
one stable state (State 1). Multiple stable states means additional stimuli are needed for
the switching, which we completely wanted to avoid. State 2 is a compressed state, which
would automatically go back to State 1, when the load criteria for State 1 are met (P < Pth).
When the compression limit of the module is reached, then the module would start acting
as a rigid system, therefore leading to a rapid load increment.

The load-dependent movement (Figure 1c) is a typical example of putting a passive
spring, which would be compressed depending on the extent of the load imposed. However,
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there would be an equal amount of reaction force acting on the contact surface (foot) with the
compression. Therefore, it would not facilitate the PP’s redistribution. On the other hand,
negative stiffness or “reduced constraint” movement allows the reaction force reduction
(before the compression limit), and this would redistribute the excess PP among the other
modules. The movement followed in the “reduced constraint” phase comprises a reduction
of holding or blocking pressure with compression, resulting in a negative slope of the
compression–reaction pressure profile. A typical example of a similar scenario could be a
buckled beam where the reaction force on the beam becomes reduced following a transition
from one stable state to the other. Similarly, an explosion/the sudden release of air/gas
from a balloon will result in a similar reaction pressure–compression profile. Therefore,
the latter profile is of our interest in the mentioned application. State 2 must be linked
to State 1, so that reversibility can be insured. A linear inverse proportionality would
lead to the profile shown in Figure 1c, whereas, depending on the nature of the holding
force, it could be non-linear as well. To have a lightweight, passive, and low-cost solution,
this work considered the use of a permanent magnet where State 1 can be achieved by
magnetic strength bonding. The reduced constraint motion of State 2 is feasible to achieve
because of the inverse proportionality of the magnetic field strength with the distance. The
decision-making in terms of enabling compression is defined by the magnetic holding force,
which is decided based on the required threshold value of the PP.

Based on the discussed requirements, a passive module employing a permanent
magnet is proposed (Figure 1d). It comprises a non-magnetic head for the loading. Bearings
are used for better guiding of the mobile components, whereas a spring is used to facilitate
restoring to State 1 when the appropriate loading conditions are met. An adjustment screw
is used at the base with which the distance between the magnetic support and the fixed
magnet can be controlled. As the magnetic bonding force is inversely dependent on the
distance, with this adjustment of the distance, the magnetic holding force can be changed.
With the change in the magnetic holding force, the threshold pressure limit of the device
can be tuned. This adds the tunability feature to our device. A detailed discussion on the
numerical simulation is presented in the next section (Section 3).

3. Modeling and Simulation

This section presents the numerical modeling and simulation of the proposed device.
The COMSOL multiphysics software was used for the numerical modeling. For device to be
able to be restored to default State 1, the head should be non-magnetic. Otherwise, it would
lead to mainly three problems: first, it may interact with the magnetic environment/loading,
leading to a deviation from the targeted behavior. Secondly, it would add up additional
magnetic bonding in the direction of the loading (Figure 1d), which would reduce the
blocking threshold limit of the device.

The size and magnetic strength of the permanent magnet were chosen based on the
bonding strength required (the threshold PP). In this work, we aimed to achieve a bonding
strength of up to 800 kPa. A ring magnet with a height of 5 mm, outer diameter of 10 mm,
and internal diameter of 4 mm was chosen for this work. This magnet is axially magnetized
and gives high axial bonding strength. For the mentioned size, the material properties were
chosen based on the availability from the different magnet suppliers and are listed in Table 1.

Table 1. Properties of the chosen magnet.

Parameter Value

Recoil Permeability 1.05
Effective Remanent Flux Density (Norm) 2.15

Young Modulus (GPa) 350
Poisson’s Ratio 0.35

Therefore, these physics were coupled in the current analysis. The magnetic flux
coming (Figure 2) from the ring permanent magnet was modeled as the remnant magnetic
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flux, while the mechanics involved as the application of the load was modeled using
solid mechanics. A complete quasistatic situation was considered in the above analysis.
The distance g between the fixed magnet and the mobile magnetic support defines the
bonding force between them. For piston length L (the distance between the head and
mobile magnetic support; see Figure 2), the free spacing between the head and magnet
fixation d, and a fixed magnetic height b, then g can be given by Equation (1).

g = L − (d + b) (1)

For the above simulation, a g of 40 µm was used (given by Equation (1)), as it better
suited the meshing and boundary conditions, while playing with this distance g, an offline
tunability in terms of threshold pressure limit can be achieved. From Equation (1), with
the increase in d (both L and b are fixed), g decreases; therefore, more d would lead to a
stronger magnetic bonding and, so, a high threshold pressure. As, from the practical side,
it is easier to measure d than g, we directly refer to d for the tunability. In the COMSOL
environment, an input displacement of 1.5 mm was given to the head of the device, and the
corresponding impact was measured. From the PP redistribution requirement, 1.5–3 mm of
the head/mobile part displacement can be considered sufficient based on the flexibility of
human foot skin. Figure 3d presents the corresponding pressure limit obtained from the
input displacement of 1.5 mm against different spacings d (1.7–2.7 mm). In Figure 1d, the
bottom screw allows the adjustment in spacing, therefore enabling the tunability feature.
For a given device, Figure 3b shows that, with the spacing (between the head and fixed
end) increment, the threshold pressure limit can be tuned from 69 kPa to 800 kPa. This
validates the proof of concept of the pressure tunability.

(a) (b) (c)

d
L

b

g

Figure 2. Simulated device with magnetic field strength (T). (a) Initial configuration: State 1 (b); partial
opening: State 2; (c) complete opening: State 3.
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(a) Experimental setup (b) Tunability in pressure limit
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Figure 3. Experimental setup, tunable profile, working scheme, tunability with spacing.

4. Experimental Studies

The non-magnetic part of the device was made of steel (non-magnetic), while the
magnetic alloy used in this device was Telar 57 from ARMCO. The permanent magnet
used was R-10-04-05-N from supermagnete. The fabricated/assembled device based on the
design discussed in the previous sections is shown in Figure 3a. The overall weight of the
active device is 16.4 grams.

Figure 3a shows the experimental setup used for the module’s threshold pressure
characterization. Thew FlexiForce A301 from Tekscan was used as the pressure sensor,
while the USB-6351 from National Instrument was used for signal acquisition. A custom
homemade load applicator was used, where weights were manually added for different
experiments. The adjustment screw tightened from the base end allowed spacing control
between the magnet and movable alloy (Figure 3a).

4.1. Tunability and Calibration

Six different positions between the completely tightened to completely unscrewed
states were tested (marked with the respective spacing d in Figure 3b). The threshold
pressure limit varied from 38 kPa up to 778 kPa.

Once the threshold limit of pressure was reached, a sudden fall in pressure could be
seen, which led to the reduced constraint motion presented in Figure 1c. This negative stiff-
ness profile is significant in enabling the pressure redistribution (discussed in Section 4.2).
The minimum spacing d corresponds to the state of the device when the movable alloy is
farthest from the magnet; this means the magnetic binding force was lowest. Therefore,
it required less pressure to move the head down compared to when the movable alloy
was closest to the magnet (a higher d). In order to set the proposed module for a desired
threshold pressure limit, it becomes important to map the observable parameter, d, which
is the spacing between the head and the fixation of the module (Figure 3c). The controllable
access that the user would have is the screwing, and so, a desired spacing d̂ can be obtained
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based on the extent of the screwing. As the threshold pressure and actual spacing d (directly
dependent on spacing g from Equation (1)) are non-linearly related, an exponential relation
was considered and is given by Equation (2). The desired threshold pressure P̂th can be
achieved by finding the corresponding spacing d̂ (using a mapped calibration), which can
be visually tuned (to make d̂ = d) by the user based on the screwing.

d̂ = a1 × log(a2 × P̂th + a3) (2)

For the proposed device, a spacing d of 1.7–2.7 mm is achievable, corresponding to the
completely screwed and unscrewed configuration, respectively. Different experiments were
performed with different spacings, and the corresponding threshold pressure limits were
recorded. Figure 3d presents the experimentally obtained results and the fitting based on
Equation (2) using the identified parameters ai as listed in Table 2. A deviation in the lowest
limit between COMSOL and the experiment possibly came from the non-linearity in the flux
leakage and/or the lack of the precise inclusion of the geometrical/material-based properties.

Table 2. Identified parameters for the calibration of the module.

i (for ai) Value

1 0.33
2 4.35
3 43.48

4.2. Pressure Redistribution

The pressure-sustaining capability up to 778 kPa of the proposed device was validated
along with its tunability to change this limit to as low as 38 kPa. In order to use this
module for PP redistribution among diabetic patients, there would be a need for an array
of such modules distributed in the shoes. To be able to validate the proof of the device’s
functionality, a simplified version of foot loading (as shown in Figure 1a) was approximated
experimentally. The experimental setup is shown in Figure 4a, where the foot was replaced
by a soft–rigid combined surface linked to a custom-made load applicator, while the shoe
base by fixed rigid surfaces. The proposed module was placed between two wooden blocks,
which were fixed. The FlexiForce A301 sensor from Tekscan was fixed, respectively, on the
head of the module and on the surface of the wooden blocks (in line along the Y axis) and
marked S1, S2, and S3 (respectively, from left to right). The module was set to a threshold
limit of 350 kPa by adjusting the spacing d to about 2.45 mm. The load applicator was
positioned on the head of the module; the load applicator end comprised soft and rigid
materials, as shown in Figure 4a. With a completely rigid interface in the middle and
softer on the sides, a higher load distribution profile at the center can be created (similar
to Figure 1a). The soft silicone Elastosil R 101 from Wacker was used as a soft interface; a
thickness of 1.7 mm was used (0.2 mm stepped out from the rigid part), as it was convenient
for the compression range for the different spacings used and the desired pressure at the
loading end.

A manually added load was applied and increased using a custom-made load applica-
tor; the obtained pressure measured by the three sensors S1, S2, and S3 over time is shown
in Figure 1b. During the initial phase of the loading, the soft surfaces on the sides (Figure 1a)
deformed, and so, until they reached the same Z-level (as for the rigid part), the applied
load was distributed among these two soft ends (left and right of the rigid part). Once this
limit was reached for these soft ends (~95 s), further loading would start appearing on the
centrally placed module. This continued to cause the placed module to be under higher
pressure compared to the surfaces on the left and right. Once the threshold pressure limit
was reached on the module end (~231 s), the excess pressure was redistributed. The module
was configured to withstand a pressure of up to 350 kPa; therefore, once this value was
reached, an additional 40 kPa was applied to allow the excess pressure’s redistribution. The
opening of the module happened around 360 kPa, while the total pressure (combined from
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S1, S2, and S3) before opening was ~720 kPa. Following the pressure redistribution, the
total final pressure obtained was ~740 kPa. The noise level of the sensors signal acquired
was ~20 kPa; therefore, overall, the total pressure measured before opening and after redis-
tribution was the almost same, which is consistent with what it was supposed to be under
the static loading condition. The proposed device, therefore, allows pressure distribution
among the neighboring exposed area once the defined threshold limit is reached. Another
interesting side of the pressure redistribution noticed in Figure 1b for S2 consisted of the
achieved pressure after offloading, which was about 210 kPa, which means more than a
35% reduction following offloading. International guidelines recommend [37] achieving
at least a 30% reduction in peak plantar pressure to reduce the risk of foot ulcers among
diabetic people. Therefore, the obtained result also validated the device’s capability to
address the need in the prescribed limit. This redistribution was tested only with three
modules (S1, S2, and S3), which is expected to be improved further (more sites for excess
distribution) with the use of a higher number of modules, as was the case in our active
offloading footwear featured in [29].

(a) Test bench for redistribution (b) Pressure redistribution

Figure 4. Experimental setup and pressure redistribution validation.

In terms of the intended use of the proposed device, it is important to mention that,
being a passive device, it brings many advantages, but also has some limitations. The key
limitations would be the real-time feedback to the user; however, this limitation may be
addressed by defining the intended way to use the proposed offloading device. Once the
array of the proposed module is implemented (as in [29]), there would be a need for the
identification of the appropriate peak pressure for the given user depending on his/her foot
condition. A healthcare expert may recommend this peak pressure, which may differ locally
throughout the foot. Based on the recommendation, the peak pressure can be pre-set for
each of the modules, and the user may follow up time to time with medical consultations
based on his/her personal needs or upon the recommendation of the diabetic expert. The
need for appropriate peak pressure information and its mapping on the foot would also
be needed for an active offloading device. Therefore, the inclusion of a diabetic healthcare
expert would always be recommended in diabetic foot care.

5. Conclusions

Offloading is one of the highly rated and trusted methods for the prevention and care
of FU among persons with diabetes. This work presented an alternative offloading device,
which was inspired by our previously reported work on active offloading. The idea is
to provide a passive alternative for excess pressure distribution along with keeping the
feature of peak pressure tunability. The proposed module exhibits offline tunability by the
simple adjustment of a screw, leading to the pressure limit variation from 38 kPa to 778 kPa
(more than 20-times tunability). This device is free from external feeding, in terms of energy,
electronics, and active control. This makes it highly compatible for daily and normal life
use. For a relatively lower threshold limit (say 400 kPa), low-cost additive manufacturing
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can be used, making the cost of a single module less than USD 10. A single device’s head
diameter is 13 mm, which allows a more-local monitoring and load distribution. As future
work, we will aim to develop an array of the proposed module embedded inside complete
shoes (as reported in our active offloading work). With the help of a diabetic expert, the
special peak pressure needs should be studied, and then, accordingly, the peak thresholds
can be configured for the array. Therefore, the future work will also aim for in-depth clinical
studies and the validation of the offloading using the module array.
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