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Deep tendon reflex tests, such as the patellar tendon reflex (PTR), are widely accepted as simple examinations for detecting
neurological disorders. Despite common acceptance, the grading scales remain subjective, creating an opportunity for quantitative
measures to improve the reliability and efficacy of these tests. Previous studies have demonstrated the usefulness of quantified
measurement variables; however, little work has been done to correlate experimental data with theoretical models using entire
PTR responses. In the present study, it is hypothesized that PTR responses may be described by the exponential decay rate and
damped natural frequency of a theoretical second-order system. Kinematic data was recorded from both knees of 45 subjects using
a motion capture system and correlation analysis found that the mean 𝑅2 value was 0.99. Exponential decay rate and damped
natural frequency ranges determined from the sample population were −5.61 to −1.42 and 11.73 rad/s to 14.96 rad/s, respectively.
This study confirmed that PTR responses strongly correlate to a second-order system and that exponential decay rate and undamped
natural frequency are novel measurement variables to accurately measure PTR responses. Therefore, further investigation of these
measurement variables and their usefulness in grading PTR responses is warranted.

1. Introduction

Deep tendon reflex (DTR) tests, such as the patellar reflex
test (PTR), are important examinations for identifying the
presence and severity of potential neurological disorders
[1–4]. For example, detection of depressed and hyperac-
tive responses using DTR tests suggests possible peripheral
and central nervous system compromise, respectively [5].
Additionally, these tests are widely used because they are
simple and can be performed quickly to assess patients in
clinical practice. Despite the common use and simplicity of
DTR tests, however, clinical assessments of DTR responses
remain subjective and qualitative [1, 6]. Though some studies
have evaluated the subjective assessment and concluded
strong correlations with biomechanical and electromyo-
graphicmeasures, other studies have demonstrated low inter-
rater reliability when assessing DTR responses [7, 8]. There-
fore, an opportunity exists to improve the widespread consis-
tency and efficacy of these tests using quantitative methods.

Previous studies have attempted to identify quantitative
measures for improving the assessment of PTR tests, which
is the focus of this study. The most common variables used
to evaluate PTR responses are the first knee extension angle
(FKEA) and the tendon reflex amplitude [7, 9] which have
both demonstrated to correlate well with subjective ratings
of the NINDS and Mayo scales [7]. Measurements of angu-
lar velocity and acceleration, reflex latency, and movement
latency have also been used to quantify PTR responses [7, 10].
These studies have been useful for evaluating possible quan-
tified variables of PTR responses; however, little research has
been performed to correlate experimental data to theoretical
models and incorporate the entirety of the PTR response in
the assessment.

Therefore, the purpose of this studywas to correlate entire
experimental PTR responses with a second-order system
model and produce novel measurement variables that may
be used to improve the efficacy of grading PTR responses.
Oscillations of limbs during PTR tests behave similarly to
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oscillations of a spring-mass-damper system because the
change in angle from the response dampens over time. It
was hypothesized that the characteristic variables of a single-
degree-of-freedom, second-order spring-mass-damper sys-
tem, the exponential decay rate and the damped natural
frequency, may describe PTR responses.

2. Materials and Methods

The experimental procedure was approved by the Institu-
tional Review Board at Trine University in Angola, Indiana.
Written consent was obtained from all subjects before testing.
A total of 51 subjects consisting of 36 males and 15 females
between 18 and 36 years volunteered to participate in the
experiment. The mean age, height, and body mass for male
subjects were 21.3 ± 3.8 years, 1.81 ± 0.08m, and 90.9 ± 17.7 kg,
respectively. Female subjects had a mean age of 20.5 ± 3.6
years, mean height of 1.67 ± 0.09m, and amean bodymass of
67.8 ± 11.8 kg. All volunteers who reported any past damage
that may affect their nervous system were excluded from
the experiment to prevent any abnormal reflex responses. A
buck reflex hammer was used to manually elicit responses
by tapping the patellar tendon which has been shown to
produce similar responses as more complicated instrumental
stimulators [11].

Two reflective markers were attached to the sides of two
elastic bands each to expedite data collection. Before the
experiment, one elastic band was adjusted on the subject’s
knee so that one reflective marker referenced the lateral tibial
condyle and another referenced the medial tibial condyle.
The other elastic band was adjusted on the subject’s ankle
so that one reflective marker referenced the lateral malleolus
of the fibula and another referenced the medial malleolus
of the tibia. Vicon Nexus software and eight motion capture
cameras (Vicon, Oxford, UK) were used to capture the
responses at a sampling frequency of 200Hz.

Each subject sat upright on a high table with both legs
hanging off the edge. The tapping location for the patellar
tendon was found to elicit the greatest reflex response, as
described previously [3, 4]. The manual tapping angle of
approximately 60∘ with respect to the patellar tendon was
used for all subjects to elicit an adequate reflex response [3, 4].
All subjects were asked to perform a Jendrassik maneuver
by closing their eyes, hooking their fingers together, and
forcefully pulling each arm against the other [12]. All subjects
performed the maneuver to record the reflex response data
consistently. Each tendon was tapped prior to recording
reflex responses with approximately the same force. Once
recording, the tendon was tapped 5–10 times with each tap
applied after the prior response ceased. The reflex found for
each subject’s knee with the greatest maximum extension
angle was used to represent the knee in data analysis [7].

During a typical PTR response, the lower leg oscillates
in the sagittal plane and the oscillations dampen until the
leg returns to equilibrium. Some motion does occur in the
coronal plane; however, the motion is minimal and was
neglected to assume a single-degree-of-freedom system. The
PTR was therefore modeled as a single-degree-of-freedom,

second-order spring-mass-damper system since the exten-
sion angle from the response dampens over time. The gover-
ning equation of the second-order spring-mass-damper sys-
tem is given by
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where 𝜃(𝑡) is the extension angle as a function of time, 𝜔
𝑛

is the undamped natural frequency, 𝜁 is the damping ratio,
𝑓(𝑡) is the input force function, 𝑚 is the mass, 𝑘 is the
stiffness, 𝑏 is the damping coefficient. The impulse response
of a single-degree-of-freedom, second-order spring-mass-
damper system is governed by the solution
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where 𝜃
0
is the angle at initial time and the damped natural

frequency is
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The solution may be characterized by the exponential decay,
𝜆, and damped natural frequency, 𝜔

𝑑
. Since these two

characteristics define a single-degree-of-freedom, second-
order spring-mass-damper system, the PTR responses were
assumed to be characterized by them as well.

The extension angle was plotted with respect to time for
each response and only oscillation peaks greater than 5%
of the maximum extension angle were selected to reduce
error caused by the friction of the system independent of
displacement and velocity, otherwise known as Coulomb
friction. The time period, 𝑇, between the first and second
peaks was used to calculate the damped natural frequency,
𝜔
𝑑
:

𝜔
𝑑
=
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𝑇
. (4)

The exponential decay equation was also used with the peak
angles and times found from the experiment to curve-fit the
data:
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By fitting the exponential decay curve with the experimental
oscillation peaks, constants that produced the least error were
found for the exponential decay rate, 𝜆, and the initial exten-
sion angle, 𝜃

0
. The validity of modeling the reflex response

as a single-degree-of-freedom, second-order spring-mass-
damper system was tested with regression analysis between
the experimental data and the characteristic variables and
presented using the coefficients of determination, 𝑅2. Ranges
of the characteristic measurement variables for the sample
population were also presented.
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Figure 1: Sample patellar reflex response with the oscillation peaks
of the extension angle identified and best-fit, exponential decay
curve found.

3. Results

Six of the subjects were excluded for the analysis because they
experienced twitching that caused irregular PTR responses
that could not be evaluated, which resulted in analysis of
45 total subjects. Once identified, oscillation peaks were
used to calculate the exponential decay rate and damped
natural frequency before plotting the best-fit, exponential
decay curve (Figure 1).Themean 𝑅2 value found between the
PTR responses and the exponential decay equation was 0.99
with a minimum value of 0.88.

The 90 total PTR responses were plotted in the complex
plane using the exponential decay rate and damped natural
frequency found for each. The positive real and imaginary
terms of the complex pairs were plotted in the complex plane.
The ranges for the exponential decay rate and damped natural
frequency found from the evaluated population were −5.61 to
−1.42 and 11.73 rad/s to 14.96 rad/s, respectively. A range of
values for the sample population was then calculated using
the standard deviations of the exponential decay rate and
damped natural frequency (Figure 2).

4. Discussion

The most important result of this study was that the experi-
mental PTR responses strongly correlated with the single-
degree-of-freedom, second-order spring-mass-dampermodel.
Additionally, the PTR responses were accurately represented
by novel measurement variables, the exponential decay rate,
and damped natural frequency. Though these response vari-
ables are more difficult to conceptually understand than
FKEA or angular acceleration and velocity individually,
they have been demonstrated to accurately represent PTR
responses. The significance of these measurement variables
is questionable, as they are not common variables used to
describe reflex response; however, the strong correlation of
themodel using these variables deserves further investigation
to determine the usefulness. Use of the measurement vari-
ables evaluated in this study may be advantageous for future
clinical assessment because they represent all movement of
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Figure 2: Ranges of the exponential decay rate and damped natural
frequency determined for the sample population.

the joint throughout the entire response as shown by the
solution of the governing equation (2).The exponential decay
rate and undamped natural frequency account for the initial
PTR response, like previous measurement variables, and
for all movement for the remainder of the PTR response.
Therefore, the advantage of using the novel measurement
variables evaluated in this study is the ability for these
variables to represent more information of a single PTR
response than previous quantitative methods.

We also recognize that this study has limitations. The
range of values for the sample population was presented;
however, there was no correlation with clinical assessment
so the usefulness of these measurement variables is yet to
be determined. Future research should be performed with a
wide range of ages and clinical assessments to evaluate the
efficacy of the proposed measurement model. In addition,
the proposedmeasurementmethod is currently unacceptable
in clinical settings. For the analysis, motion capture cam-
eras and analysis software were utilized to determine the
measurement variables. It is impractical for motion capture
cameras and postprocessing software to be available in most
clinical setting. Therefore, another future direction of this
work will target the development of wearable technology
to quickly and easily report the measurement variables.
Finally, the assumption to ignore Coulomb friction was a
likely source of measurement error. In the theoretical model,
excluding oscillation peaks less than 5% of the maximum
extension angle was done to reduce errors attributed to
Coulomb friction. The experimental results may be better-fit
to theoretical solutions if Coulomb friction is included in the
spring-mass-dampermodel. Futurework should also be done
using optimization techniques to include Coulomb friction
into the analysis of the PTR responses.

5. Conclusions

This study confirmed that PTR responses strongly correlate
to a single-degree-of-freedom, second-order spring-mass-
damper model. Additionally, the exponential decay rate and
undamped natural frequency were demonstrated to be novel
measurement variables to accuratelymeasure PTR responses.
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Therefore, further investigation of these measurement vari-
ables and their usefulness in grading PTR responses is
warranted.
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