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ABSTRACT

Currently, some physical therapy requires another person to assist in exercises that rehabilitate patients with leg inju-
ries such as sprains and fractures. In this paper, we propose a device that can help strengthen muscles that have weak-
ened due to injury without the help of another person. The device is portable and can be used in a home setting, and
the amount of resistance it provides can be adjusted by the patient. We suggest a design that aids patients in lower leg
rehabilitation and can adjust for the patient’s preference in exercise type and intensity.

Introduction

Injuries of the lower limb take a toll on patients. One half of all generic injuries result in restricted activity. Of this,
three-fourths are lower body sprains and fractures, which also constitute 40% of bed disability cases (Collins, 1990).
Put together, lower limb fractures and sprains affect over 15 million Americans every year (Collins, 1990).

Stroke patients are also susceptible to losing full function of their lower limbs. Though neural issues are a
factor in hemiparesis, the inactivity and resulting atrophy can also contribute. However, patients with some motor
control were able to regain more strength and functionality through resistance exercises (Dobkin, 2005).

Additionally, patients who undergo hallux valgus surgery are often unable to regain proper gait. However,
patients who follow a postoperative physical rehabilitation regimen are able to increase the strength of the operated
foot, leading to a more correct gait. Such physical therapy effectively helps patients regain proper function after sur-
gical treatments for musculoskeletal disorders (Schuh et al., 2009).

Patients typically get help from a professional physical therapist to understand their current weaknesses and
how they should exercise to increase their strength in those areas. However, the physical therapist won’t sit everyday
with the patient when they must do their exercises -- they simply show the patient how the exercises must be done,
and then it is the patient’s responsibility until the next visit to regularly do the exercises.

This is where physical therapy often gets challenging. Some of the exercises, such as plantarflexion, dorsi-
flexion, inversion, and eversion require the use of a resistance band (Dobkin, 2005). Holding the band in place is
necessary to provide the resistance that is required for effective strength building. This may be challenging for some
patients, especially those who may be infirm or have upper body injuries as well, as they may not have the strength to
hold the band in place.

In this paper, we propose a design for a device that allows a patient to complete his or her physical therapy
exercises independently. We first discuss similar works and their shortcomings. We then specify functional and design
requirements for an improved mechanism, then propose a design that fits these criteria. We are also able to calculate
the forces that would be in play and specify what parts may be used to build such a design. We then suggest possible
improvements and additions that can be made to make this a more effective device.
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Related Works

There are several products available for leg injury patients to use. One such example is an exoskeleton that is worn on
the lower body and helps the patient follow the motions of walking (Stopforth, 2017). However, these exoskeletons
require assistance and supervision from a professional, and are largely meant for clinical use. Furthermore, they are
also too costly for patients to buy themselves and are not portable. There is also a virtual reality cycling system that
helps patients build equal strength and proper balance in their legs (Yin et al., 2016). However, this is not a portable
system and it also requires connection to a display and setup in order to work effectively. Another currently popular
solution is an anti-gravity treadmill that supports the patient’s body weight as part of the process of slowly building
strength in the legs and a proper gait (Tenforde et al., 2012; Cernak et al., 2008). However, like the exoskeleton, it too
is meant for clinical use, is costly, and not portable.

Design

Some of the popular exercises for leg recovery involve the use of a resistance band, where the patient attempts to
move their foot in a particular direction while using the band to create a resisting force. Our device’s purpose is to
hold the resistance band in place so that the patient can feel the full magnitude of this resisting force, and thus exercise
their leg effectively without the assistance of another person.

Requirements
Throughout the rehabilitation process, patients must regularly exercise their legs. The recommended exercises typi-

cally involve increasing lower leg strength by moving the ankle in different directions. The most basic such move-
ments are plantarflexion, dorsiflexion, inversion, and eversion, as illustrated in Fig. 1 (Vloka & Hadzic).
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Figure 1. Diagram of four major types of foot movement: plantarflexion, dorsiflexion, inversion, and eversion (Vloka
& Hadzic).

To allow for all four of these types of movement, we specified requirements for the device as,
Functional Requirements:

® Device must be able to push against foot in multiple directions and magnitudes

® Device should not move around while patient is using it

® Patient can easily adjust device for changes in exercise type and intensity

® Device should be portable

® Device should be easy to use, such that a patient can operate it on their own without assistance
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Design Requirements:
® Device must be able to provide a sufficient resistance force in multiple directions and magnitudes
® Device must be able to withstand up to 512 N of force
® Device should be small and light so it may be easily carried

Adjustable Resistance Mechanism

There are different ankle exercises that aim to strengthen better movement in different directions. The exercises this
machine aims to help with are plantarflexion, dorsiflexion, inversion, and eversion (Fig. 1). As noted in the require-
ments, the machine should be able to provide resistance in different directions in order to aid with these exercises and
should also be able to adjust the magnitude of the resisting force. The user may gauge whether the current resisting
force is too little or too much and can adjust it accordingly using some control, such as a remote. The different exercise
types can be achieved by holding the resistance band in different positions and angles, which can be done by simply
moving the endpoints of the band. Possible configurations for the four main exercises are shown below in Fig. 2
(Border Podiatry Centre, 2018).

Figure 2. Exercise band configurations that provide appropriate resistance force for each type of movement (Border
Podiatry Centre, 2018).

Lead Screw Linear Actuation

Lead screw assemblies were used as a way to achieve the design for the adjustable resistance mechanism, as they can
reliably move the band’s endpoints (mounted on the lead nuts) and support the large forces from the patient’s foot.

/
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Motor Fixed Support Lead Screw
Simple Support

Figure 3. CAD model of a lead screw assembly. The final design uses two such assemblies. Each end point of the
exercise band is mounted to the lead nut, which travels along the lead screw as the motor turns.
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Though they are not necessarily fast linear actuators, lead screw assemblies have the necessary torque to
overcome large external forces because they are non-back drivable. The high force and torque are needed to overcome
the strength of the patient’s foot, which, depending on how much the patient has recovered, is enough to carry the
patient’s weight while walking. The non-back drivability of lead screw systems means the band will not move with
the motion of the patient’s foot and will instead stay in place as the patient moves their foot as part of the exercise.
This means that the motor will not need to continuously run to oppose force from the patient’s foot, thus saving battery
power. A lead screw system also permits adjustable resistance levels as the lead nuts can move to easily stretch the
band over the patient’s foot. In this design, two lead screw assemblies, each supporting one of the band’s endpoints,
are mounted on a base with an indent to support the patient’s foot (Fig 4).

@ T

Figure 4. CAD model of the full assembly; two lead screw assemblies mounted on a base with an indent for the
patient’s foot. a) side view b) top-down view

The different band configurations for each of the different exercises can be achieved by moving the lead nuts, which
hold the band’s endpoints, to different positions relative to the patient’s foot. The four possible configurations, each
for a different exercise, are shown below in Fig. 5.

Figure 5. Using two lead screw assemblies to allow for appropriate resistance vectors for a) plantarflexion, b) dorsi-
flexion, ¢) eversion, and d) eversion.
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The magnitude of resistance can also be adjusted by further adjusting the endpoints of the resistance band.
Because of its elastic properties, the resistance force provided by a resistance band is directly proportional to the
distance it is stretched (ProHealthcareProducts, 2009). Thus, moving the endpoints along the axes in such a way that
the band stretches differently over the patient’s foot can change the amount of resistance provided by the machine.
Fig. 6 shows such adjustments for each of the exercises that result in a weaker resistance force.

Figure 6. Adjusting lead nut positions to change magnitude of resistance forces. Images A-D are seen in Fig. 5. Images
E-H are the same exercises in A-D but with less resistance (due to the slightly different lead nut locations).

Support for Base

Because of the strong forces in play, it is possible for the entire base to slide or move along with the patient’s foot. A
solution to hold it in place is having a base be attached to a tray that goes under the patient’s lower body/upper legs.
The weight of the patient would be enough to hold the entire machine in place. To allow for portability, the tray will
be foldable/collapsible, and can be stored underneath the base.

Analysis

To determine whether typical hardware could be used for this machine, we computed the force that might be exerted
on the machine and found the range of forces that the machine can supply.

Biomechanical Force Analysis

In order to determine an optimal lead screw configuration, the forces exerted on the machine had to be found.
The maximum torque exerted by the ankle is approximately 45.2 Nm, and the mean foot length is about 258.1 mm
(de Leva, 1996; Simpson et al., 2018). The force exerted through ankle dorsiflexion can be calculated:

Torque

F =
oree Radius

where radius can be considered as foot length. Therefore:

Force = 22NM 1 os 13N
orce =o5gimm

Next, we calculated the force exerted through plantarflexion of the ankle. The maximum mean torque found for ankle
plantarflexion is 132.1 Nm (Moraux et al., 2013). Using the same foot length and methods for dorsiflexion:
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Torque 132.1Nm
Radius ~ 258.1mm

Force = =511.8N

For inversion and inversion, it is safe to assume the force exerted by these movements is less, as the range of motion
along these axes is far less (Brockett & Chapman, 2016). Thus, the maximum force that might be exerted on the device
is 511.8 N from plantarflexion of the ankle.

Actuator Specification Calculations

As noted in the Design section, a lead screw assembly is used in our design. In general, the torque needed to run a
lead screw is:

Fd,, l+und,
=2 Gy i

T

nd,, — ul)

where:
e 7 is the torque the lead screw must turn at in order to support the load. In order to match the units for the
formula above, this is measured in 1bein.
e F is the load on the lead screw assembly. As calculated from the biomechanical force analysis, this will be
511.8N. We converted this to 115.11bs in order to match the units for the formula above.
e d,, is the pitch diameter of the lead screw. The screw we used in our design has a pitch diameter of 0.5 in.
e [is the distance between threads on the lead screw. The screw we used in our design has 10 threads per inch,
which means the distance between each thread must be 0.1 in.
e uis the coefficient of friction. As we are using steel-on-steel for our proposed design, this is approximately
0.1
(Shigley et al., 2004).

Substituting in the values into the lead screw torque formula above, we get:

_ 115.1lbs X 0.5in 0.1in + 0.1 X w X 0.5in
e 2 (00 5im) = 0.100.1im)

)= 4.7lb -in = 0.5Nm

Thus, for this design to be physically built, a motor with a torque of at least 0.5Nm should be used to support a force
of 512N as calculated in the biomechanical force analysis.

Range of Possible Forces

Next, we calculated the range of forces the device, paired with a resistance band, is able to provide. For our calcula-
tions, we assume the resistance band is a “green” level Theraband starting at 25 percent elongation at 11.3in long.
This provides 21bs of resistance (ProHealthcareProducts, 2009). The maximum distance the lead nuts carrying the
band’s endpoints can traverse along the lead screw is 5.5in.
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Figure 7. Dimensions of the lead screw assembly. The resistance band starts stretched at 11.3in. Each endpoint on a
lead screw can travel along a 5.5in path.

The longest possible elongation of the band can be calculated as follows:

1. At maximum elongation, the push from the plantarflexion of the ankle and resulting bend in the band form
an isosceles triangle; the two congruent sides are the two halves of the band, and the base is the constant
distance between the lead screws, 11.3in

2. Let x be the length of one half of the band; the distance from a lead nut to the halfway point, or bend, in the
band

3. Let h be the height of the isosceles triangle; the distance from the bend in the band to the halfway point of

the triangle’s base. This is essentially the length of the lead screw’s path, 5.5in

4. We now have a right triangle, with vertical height h = 5.5in, horizontal base length b = 113

= 5.65in,
and hypotenuse x
5. Using Pythagoras’ Theorem, we can find x:
x = h? + b2 = /5.5in? + 5.65in? ~ 7.9in

6. x is half the length of the band. To find the total length of the band / we simply multiply x by 2:
l=2x=2x79in = 15.8in

Thus, the maximum elongation length of the resistance band on this device is about 15.8in. To find the force this
exerts, we first must find the percent elongation:

1. First, we find the length of the band at 0 percent elongation. We know the band is at 11.3in at 25 percent
elongation, so:
l25% = 1.2510%
l50 11.3in
log, =7—=== = 9.04i
% =125 1.25 m

2.  Now we can find the percent elongation of the maximum length l,,,,,, = 15.8in:

percent elongation = 7@ = 128 1 o _ 175y,
ercent e Onga mon = lo% = 9041’)’1 ~ 1. = (1)
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The maximum 175 percent elongation for a “green” level band exerts a force of 7.21bs (ProHealthcareProducts, 2009).
At the beginning of this subsection, we identified that the band on the device starting at 25% elongation has a force of
2lbs.

Thus, the device can provide resistance forces for the ankle exercises in the following range:
2lbs < Force < 7.2lbs

or
89N < Force < 32N

Conclusion and Future Work

We developed a device that can aid in practicing physical therapy without the need for another person’s assistance. It
provides four modes of movement and is portable. Possible improvements of this design involve implementing sensors
to automatically adjust the magnitude of resistance depending on how much the patient’s foot pushes the band. There
may also be a more personalized user interface and feedback mechanism. The machine may track and communicate
how the patient’s strength builds over time, and whether they are doing the exercises properly.
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