A Mechanical Evaluation of a Novel Spring-loaded Crutch

Original Article, Full Paper

Matthew K. Seeley', PhD
Tain Hunter', PhD
Tom Batemanl, BS
Adam Roggia', BS
Brad J. Larsonz, MD
David O. Draper EdD', ATC

' Department of Exercise Sciences
Brigham Young University

? Alpine Orthopaedic Specialists

Corresponding Author
Matthew K. Seeley
Brigham Young University
Department of Exercise Sciences
116B RB
Provo, UT 84602
Phone: 801-422-4970
Fax: 801-422-0555
Email: matt seeley@byu.edu

Key Words:
Crutches, Mechanical Energy, Rehabilitation, Spring

Total Word Count, Including Abstract: 2357



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Abstract (Abstract Word Count = 247 Words)

A novel spring-loaded crutch design may provide additional kinetic energy to patients,
however, this idea had been objectively evaluated. The purpose of this study was to evaluate the
idea that the novel spring-loaded crutch design does provide additional kinetic energy to
subjects, relative to traditional crutches. We hypothesized that subjects using the spring-loaded
crutch design would exhibit more peak kinetic energy, in the forward direction, during the final
stage of crutch-ground contact than subjects using traditional crutches. Crutch ambulation for
twenty healthy subjects was observed. The independent variable was crutch type (spring-loaded
and traditional). The primary dependent variable was peak kinetic energy for the center of mass
in the forward direction during the final stage of crutch-ground contact. All subjects ambulated
using spring-loaded and traditional crutches at a standardized speed (0.97 m/s + 5%). Whole-
body center of mass velocity in the forward direction was determined via video, and kinetic
energy was calculated. Differences between crutch types for kinetic energy were evaluated using
a paired t-test (a = 0.05). Peak kinetic energy in the forward direction was 9.6% greater (p =
0.001; tgs,19= -4.157) for subjects using the spring-loaded crutch design. These results
supported our hypothesis and demonstrated that the spring-loaded crutch design provides
patients with additional kinetic energy, relative to traditional crutches. Based upon these data,
one might expect that the spring-loaded crutch design decreases metabolic energy expenditure,
however, a direct measure of metabolic cost during spring-loaded crutch ambulation is necessary

to definitively clarify this issue.
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Introduction (Word Count = 460)

Humans have used crutches to overcome gait impairments for thousands of years, and
approximately 600,000 Americans use crutches each year [1]. Crutch design has evolved in that
time [2], however, the typical traditional axillary crutch use is still problematic for two primary
reasons: 1) increased upper extremity pathology [3-6], and 2) increased energy expenditure [7-
10]. Repetitive high-magnitude forces are transmitted to the upper extremities during traditional-
crutch ambulation and often lead to upper-extremity pathologies [3, 4]. Additionally, traditional-
crutch ambulation requires approximately twice as much metabolic energy than healthy walking
[7-10]. Despite these two challenges, individuals benefit psychologically and physiologically
when using traditional crutches to move about, rather than remaining immobile [3].

Spring-loaded crutches were designed to minimize both of the aforementioned problems
[11-14]. Spring-loaded crutches contain one or more springs in the crutch post and may decrease
metabolic energy expenditure by storing and releasing mechanical energy during certain key
times of crutch ambulation. The springs compress, storing strain energy during crutch-ground
contact, and then decompress, converting the stored strain energy into kinetic and gravitational
energy. In theory, if this kinetic energy is effectively transmitted to the center of mass of the
patient, in the forward direction, metabolic energy expenditure might be reduced. This type of
energy storage and release is similar to the manner in which humans and other mammals store
strain energy in stretched tendons and then convert that stored energy into kinetic energy during
walking and running [15, 16]. Some mechanical characteristics of spring-loaded crutch
ambulation were previously described [12, 13, 15], however, a quantitative description of the
strain energy being stored and then converted into kinetic energy during spring-loaded crutch

ambulation has not yet been reported.
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Two companies (Donjoy Incorporated, Vista, CA, USA and Millennial Medical, Logan,
UT, USA) are currently marketing a nearly-identical spring-loaded crutch design (Figure 1).
Both manufacturers purport that this crutch design returns captured strain energy to the patient
and helps the patient move forward. Prior to this study, however, these purported mechanical
benefits of this spring-loaded crutch design had not been quantified. The purpose of this study
was to compare certain mechanical characteristics of spring-loaded and traditional-crutch
ambulation. To accomplish this purpose, we: 1) quantified strain energy that is stored in the
spring of the spring-loaded crutch during ambulation; 2) quantified peak kinetic energy for
subjects immediately following decompression of the crutch spring during ambulation; and 3)
compared this peak kinetic energy to peak kinetic energy at a comparable time during traditional-
crutch ambulation. We hypothesized that peak kinetic energy for the center of mass in the
forward direction would be greater during spring-loaded crutch ambulation than during
traditional-crutch ambulation. We expected this difference in kinetic energy to result from strain
energy that was stored by the crutch spring and then transmitted to patients.

Methods (Word Count = 651)

Ten healthy males and ten healthy females (age = 23 + 2 years; height = 1.73 + 0.10 m;
mass = 69.2 + 13.7 kg) provided informed consent and participated in this study. Male subjects
wore footwear and spandex shorts, and female subjects wore footwear, spandex shorts, and a
sports bra. A within-subjects design was used, so that all subjects used both crutch designs to
ambulate. The specific spring loaded crutch design that was used during this study was the In
Motion Pro model, manufactured by Millennial Medical Incorporated. Both crutch types were fit
to each subject using accepted methods [17]. Crutch design order was randomized. To ensure

that subjects were comfortable with both crutch designs, subjects ambulated 100 m with each
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crutch design prior to data collection and then provided feedback to the examiners (no negative
feedback was noted). Three-point crutch ambulation, with the dominant leg contacting the
ground, was performed for all trials. Thirty-five reflective markers were applied to various
anatomical landmarks using the VICON Plug-In Gait marker arrangement (Figure 2). This
arrangement has been shown to accurately facilitate calculation of whole-body center of mass
position [18]. Reflective markers were also attached to the crutches (Figure 2). For the spring-
loaded crutch, reflective markers were applied distal and proximal to the spring, in order to
quantify spring deformation.

Subjects performed three ambulation trials at a standardized average speed of 0.97 m/s +
5% [19]. This speed was used so that any differences in peak kinetic energy during crutch-
ground contact between crutch types could not be attributed to differences in average speed. An
opto-electronic timing device (Brower Timing Systems, Draper, UT, USA) was used to provide
immediate feedback regarding average ambulation speed to subjects, assisting them in
maintaining the standardized speed. Video data were collected (60 Hz; VICON, Centennial, CO,
USA) for all trials. Three-dimensional coordinates for each reflective marker were tracked and
digitally filtered using the Woltring filter in VICON Nexus 1.3 software.

Strain energy, stored and released by the spring-loaded crutch during crutch-ground
contact, was calculated using the standard equation: Strain Energy (J) =% - k - x°; k indicates
spring stiffness (12.95 KN/m), as reported by the manufacturer, and X indicates the magnitude of
spring deformation. This deformation was calculated by quantifying the change in distance
between the two spring-loaded crutch markers that were just proximal and distal to the spring

during two different phases of ambulation: 1) prior to crutch-ground contact, and 2) maximal
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spring deformation. Strain energy was averaged across the three trials for each crutch design, for
each subject.

Kinetic energy for the subject’s center of mass, in the forward direction, was calculated
using the aforementioned coordinate data. Center of mass velocity was derived from the
coordinate data and kinetic energy was determined using the standard equation: Kinetic Energy
(J) =" - m - v*; m indicates subject mass, and v indicates center of mass velocity in the forward
direction. Next, peak kinetic energy during crutch-ground contact was identified. For all of the
spring-loaded crutch trials, this peak consistently occurred immediately after spring
decompression, just prior to the end of crutch-ground contact. This peak also occurred at a
consistent time during the traditional crutch trials, just before the end of crutch-ground contact.
Peak kinetic energy was averaged across the three trials for each crutch design, for each subject.

A paired t-test was used to compare means for peak kinetic energy for the center of
mass in the forward direction between the two crutch designs. A paired t-test was also used to
compare mean ambulation speeds between the two crutch designs, to ensure that ambulation
speed was properly controlled for. Alpha was set at 0.05 for both comparisons. We assumed
strain energy, stored in the traditional crutch, to be negligible and did not compare strain energy
between crutch types. Means and standard deviations were used to describe strain energy that
was stored by the spring-loaded crutch during ambulation.

Results (Word Count = 106)

Table 1 shows the means and standard deviations for both crutch designs for: 1) peak
velocity and kinetic energy for the center of mass in the forward direction, and 2) average
ambulation speed. Peak velocity was 5% greater (p < 0.001; tos,19=-4.598) and peak kinetic

energy was 9.6% greater (p = 0.001; t.05,19=-4.157) during spring-loaded crutch ambulation,
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relative to traditional crutch ambulation. Mean ambulation speeds did not significantly differ (p =
0.396; t9.05,19 = 0.868) between the spring-loaded and traditional crutch trials. Table 1 also shows
the average magnitude of strain energy that was stored by the spring-loaded crutch during crutch-
ground contact.

Disucssion (Word Count = 862)

The purpose of this study was to compare certain mechanical characteristics of spring-
loaded and traditional crutch ambulation. We tested a specific spring-loaded crutch design that is
presently being marketed. Manufacturers of this specific crutch design purport that mechanical
energy is returned to the patient, helping the patient move forward. The spring, located within the
crutch post, compresses during crutch-ground contact and stores strain energy. The spring then
decompresses near the end of crutch-ground contact and, theoretically, the stored strain energy is
converted into kinetic and gravitational energy. Some of this kinetic energy may be transferred to
the patient in the forward direction, benefitting the patient. This idea of energy transfer, however,
had not been objectively evaluated. We expected that subjects would exhibit greater peak kinetic
energy during spring-loaded crutch ambulation, relative to traditional crutch ambulation. The
data confirmed this expectation, as peak kinetic energy in the forward direction was 9.6% greater
for subjects during spring-loaded crutch ambulation. We believe this difference in peak kinetic
energy is related to additional energy that is stored within the spring of the spring-loaded crutch
and, speculating, may decrease energy expenditure during spring-loaded crutch ambulation.

This study adds to the present knowledge regarding crutch ambulation. Our data, in
combination with previous research, indicate that spring-loaded crutches may benefit patients by
minimizing two major challenges for patients who use traditional crutches during ambulation: 1)

upper-extremity pathology due to repetitive forces that are transmitted to hands and underarms,
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and 2) increased metabolic expenditure. Previous research has indicated that spring-loaded
crutch use optimizes various characteristics of the ground reaction force (peak force, rate of force
application, and impulse due to ground reaction force) and decreases the risk of chronic upper-
extremity injury due to repetitive forces [13-15]. The present data indicate that spring-loaded
crutches may also decrease energy expenditure, as a result of additional mechanical energy that
comes from spring decompression during the latter part of crutch-ground contact.

We observed an average of five additional Joules of kinetic energy for the center of mass
in the forward direction during spring-loaded crutch ambulation, relative to traditional crutch
ambulation. However, only 2.5 Joules of additional energy were stored and released by the
spring-loaded crutches, indicating that the springs were not the only contributor to additional
kinetic energy in our subjects during spring-loaded crutch ambulation. Perhaps, the unique shape
of the spring-loaded crutches also contributed additional kinetic energy during ambulation. The
unique shape of the spring-loaded crutch may have caused an increase in upper-extremity
kinetics (e.g., an increased shoulder extension moment) or electromyography (e.g., increased
latissimus dorsi or posterior deltoid activity) near the end of crutch-ground contact. These
hypothetical increases in upper-extremity joint kinetics or electromyography may also have
contributed, in combination with the additional strain energy from the spring, to increase kinetic
energy. A comparison of upper-extremity joint kinetics, joint kinematics, and electromyography
between spring-loaded and traditional crutch ambulation may clarify the source of this additional
kinetic energy.

One limitation of the spring-loaded crutch design that was tested is the overly compliant
nature of the spring. The stiffness of the spring is 12.95 kN/m (74 1b/in), as reported by the

manufacturer, which is considerably less than what was previously recommended for spring-
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loaded crutches (22 kN/m; [3]). A consequence of this relatively compliant spring is that many
adult subjects will not store as much as strain energy as they would if they used a crutch with a
stiffer spring. If each crutch, within a pair of crutches, contains one spring of the aforementioned
stiffness, each crutch will “bottom out” for any subject who weighs approximately 150 lbs or
more. This “bottoming out” would not occur if a stiffer spring was used. Although the spring-
loaded crutch did appear to store and transmit energy to the subjects, more energy would have
likely been stored and transmitted if the spring was stiffer. A stiffer spring, however, will lead to
reduced shock absorption, which must be considered when selecting spring stiffness.

This study is important as it is the first to measure strain and kinetic energy during
spring-loaded crutch ambulation. Energy expenditure, however, was not directly measured. A
direct measure of oxygen consumption during spring-loaded crutch ambulation would better
clarify the role of a spring in reducing energy expenditure during crutch ambulation. Previous
researchers reported that energy expenditure during spring-loaded crutch and traditional crutch
ambulation was not significantly different [11]. One limitation to this study, however, was a
small sample size of only six subjects. A comparable study including a larger sample and
crutches that are presently commercially available may clarify the issue of energy expenditure
during spring-loaded crutch ambulation.

In summary, spring-loaded crutches store strain energy as the spring in the crutch post
compresses during the crutch-ground contact phase of ambulation. Some of this stored strain
energy appears to be transmitted to the patient in the form of kinetic energy in the forward
direction. This conversion of strain energy to additional kinetic energy may decrease energy
expenditure during crutch ambulation, and is not dissimilar to humans and other mammals that

benefit from strain energy that is stored in tendons during certain phases of gait. Although
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subjects exhibited additional kinetic energy during the crutch-contact phase of crutch
ambulation, a decrease in metabolic energy expenditure should not be assumed. A direct measure
of oxygen consumption during spring-loaded and traditional crutch ambulation would

definitively clarify this issue.
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Millennial Crutches

Traditional Crutches

Peak Velocity (m/s)* 1.29 £ 0.08 1.23+£0.10
Peak Kinetic Energy (J)* 57.3+12.0 523+11.6
Strain Energy (J) 2.50+£1.96 Negligible
Ambulation Speed (m/s) 0.96 + 0.04 0.97 £0.02
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Table 1. Means and standard deviations describing the variables of primary interest for both
crutch types. Peak velocity, peak kinetic energy, and strain energy were all considered during
crutch-ground contact. Ambulation speed was the speed that the subject ambulated during the
entire trial. These data support our hypotheses and indicate that the spring-loaded crutch provides
additional kinetic energy to the subject in the forward direction, relative to traditional crutches.
Asterisks indicate variables that were shown to be significantly different.



255
256



>~ o0
lel'e)
[e\Na\|



259
260
261
262
263
264
265
266

Figure 1. The spring-loaded crutch that was tested in the present study. One spring is housed
inside of the crutch post, as indicated. Reflective markers were attached to each crutch so that
crutch motion could be described via high-speed videography. Markers were attached
immediately distal and proximal to the spring so that spring compression could be quantified.

Figure 2. A depiction of the reflective marker arrangement that was used in the present study.
Thirty five marker were attached to various anatomical landmarks. Markers were also attached to
the left and right crutches for both crutch types.



