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Abstract: Stiffness of ankle joint has been investigated in a wide range of biomechanical studies with
a focus on the improvement of performance and reduction in the risk of injury. However, measuring
ankle joint stiffness (AJS) using the existing conventional methodologies requires sophisticated
equipment such as force plate and motion analyses systems. This study presents a novel method for
measuring AJS during a hopping task with no force or motion measurement system. Also the validity
of the proposed new method was investigated by comparing the results against those obtained using
conventional method in which motion capture and force plate data are used. Twelve participants
performed the controlled hopping task at 2.2 Hz, on a force platform, and six high speed cameras
recorded the movement. To calculate the AJS in both methods, the lower extremity was modeled
as a three linked rigid segments robot with three joints. In the new method, the contact time and
flight time were used to calculate ground reaction force, and inverse kinematic and inverse dynamic
approaches were used to calculate the ankle kinematic and kinetic. The AJS calculated using the new
method was compared against the results of conventional method as the reference. The calculated
A]JS using this new method (506.47 &+ 177.84 N-m/rad) showed a significant correlation (r = 0.752)
with the AJS calculated using conventional method (642.39 & 185.96 N-m/rad). The validation test
showed a mean difference of —24.76% using Bland—Altman plot. The presented method can be used
as a valid, and low-cost tool for assessing AJS in the field in low resource settings.
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1. Introduction

Stiffness is one of the mechanical properties of viscoelastic structures, which is a
measure of their resistance to deformation [1,2]. Joint stiffness defines as a resistance
produced by muscles, tendons, and ligaments across the joint, which is a respond to the
joint net moment [3]. Joint stiffness is presented as slope of moment-angular displacement
diagram at the joint [4-7]. The torsional spring has been used to calculate joint stiffness in
some tasks such as hopping [3]. This model deconstructs the lower limb into three torsional
springs—the ankle, knee, and hip and uses the kinematic and ground reaction force data to
calculate the joint moments and angles [3].

In laboratory conditions, as mentioned in the Serpell et al. review paper in 2012 [8],
ankle and knee joints stiffness is usually measured in hopping, jumping, or running by
means of force plates and the motion analysis system with high speed cameras and through
a common formulation. In this common formula, joint stiffness obtained by dividing joint
moment to angular displacement [5]. In this conventional method, the angle changes
and other kinematic data obtained from motion analysis system and the joint moment
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calculated using the ground reaction force measured using a force plate through the inverse
dynamic method.

Using this conventional method, higher reliability in calculating the stiffness in ankle
joint compared to knee joint was reported in hopping test [3,4,9]. A review of such models
that were developed based on motion analyses and the measurement of ground reaction
force indicated an appropriate reliability for: leg stiffness, the ratio of maximal ground
reaction force to vertical displacement of center of mass during contact time, and AJS but
an inappropriate reliability for knee joint stiffness while hopping [10]. Additionally, strong
correlation was reported between the leg stiffness and ankle joint stiffness in hopping [9]
when using the conventional method of calculating ankle joint stiffness.

Stiffness of the ankle joint calculated using the conventional method has been con-
sidered in wide range of studies such as: comparison of AJS in healthy vs. pathological
participants [11,12], the influence of AJS on sport performance [10,13-16], the role of AJS
on the assessment of risk of lower extremity injury [16,17], the reliability of measuring
AJS[10,17,18], comparison of the different methods of measuring AJS [8,19], and compari-
son of leg stiffness against AJS [17]. In addition, AJS calculated using conventional method
was used to: compare the variation in AJS with increase in running speed [20], compare
the AJS between sprint and endurance athletes during a variety of hopping and drop jump
tasks [21], assess the performance between endurance trained athletes and participants
from the general population during a maximal hopping test [22], investigate the effect
of foot strike and shoe features on ankle joint stiffness [23], and investigate the effects of
training on AJS [24]. Hence the previous studies have expressed that AJS could be helpful
in the assessment of human locomotion.

Despite the wide range of applications for the leg stiffness, its calculation through
conventional methods needs access to motion analyses and the measurement of ground
reaction force using force plate that are not commonly available in low-resource settings.
Additionally, the conventional method is restricted to lab environment where the force
plate and motion capture devices are commonly available.

To overcome that limitation, in 2004, a simple method was introduced and validated
by Dalleau [25], which could calculate the leg stiffness in hopping and bouncing with a
simple set of technical equipment and under field condition. In this method, the vertical
ground reaction force was modeled as a sine wave which is a function of contact and
flight times and the leg stiffness was calculated using a simple contact mat. This showed
a significant correlation (r = 0.94) between the leg stiffness calculated with this method
against the conventional method. Despite this success, the model developed by Dalleau [25]
could not calculate the stiffness of the ankle as an important joint in the lower extremity.

As it stands currently, to calculate ankle joint stiffness, only conventional methods of
calculating joint stiffness exist in which access to the motion analyses and measurements
of ground reaction force are necessary. Therefore, this study aimed to develop a simple
method for calculating the ankle joint stiffness (AJS), without a need for motion analyses
and measurements of ground reaction force. Upon development, this can have implications
in assessing the AJS in the field in low resource settings where access to sophisticated
equipment is not available.

2. Materials and Methods
2.1. Participants, Procedures, and Equipment

Twelve male participants (mean £ SD age of 23.33 £ 3.23 year; mass 77.04 & 12.56 kg;
height 174.46 £ 7.16 cm;) gave their informed, written consent to participate in this study;,
following the approval by the research ethics committee of the University of Tehran
(IR.UT.SPORT.REC.1397.019). Four reflective markers, as shown in Figure 1, were placed
on greater trochanter (GT), lateral femoral epicondyle (LFE), lateral malleolus (LM), and
the fifth metatarsophalangeal joint (5thMTP). The length of thigh (distance between GT and
LFE), shank (distance between LFE and LM), and foot (distance between LM and 5thMTP)
were measured. After walking five minutes, as a warm-up, each participant performed
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two-legged continuous vertical controlled hops (without shoes and keeping hands on the
waist) with frequency of 2.2 Hz [26] that was controlled through synchronization with
a metronome. Each participant then performed 15 hops continuously in each trial and
repeated it for three times, (data of the five middle hops in each trial were used). The hops
were performed on a force platform (AMTI, Watertown, NY, USA; 1000 Hz) and a motion
analysis system (Motion Analysis Co., Rohnert Park, CA, USA; 200 Hz) with six high speed
cameras recorded the movement. Kinematic and ground reaction force data obtained after
post processing (filling gaps, smoothing, filtering) via Cortex software.

Figure 1. The placement four reflective markers at the legs are shown.

2.2. Calculating AJS Using New Method

In this method, lower extremity was modeled as a three linked rigid segments (in-
cluding thigh, shank, and foot) robot as a two-dimensional hopping model in the sagittal
plane. The segments were interconnected with three torsional springs as three torsional
frictionless hinge joints, one between thigh and shank (knee), the other between shank
and foot (ankle), and the third one between the fifth metatarsophalangeal and the floor
(only the contact phase of hopping was analyzed). These springs represented the action of
the muscles, tendons, and ligaments across the joint. The hip was considered as the end
effector of the robot and assumed that the total body mass was concentrated on it. The hip
was assumed to follow a periodic vertical displacement (sinusoidal wave) during hopping
based on which joints kinematics were calculated using inverse kinematics method. How-
ever, this assumption excluded some movement in horizontal plane that happens which
may be considered as a limitation for this model.

To determine the position and orientation of each limb related to other limbs, the
Denavit-Hartenberg (D-H) method was used [27]. This model and the coordinate systems
are illustrated in Figure 2.
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Figure 2. Model of lower extremity and the coordinate systems.

In this method (Figure 3), to find the angles at knee and ankle, an inverse kinematic
problem was solved. In first step, the reference frame transition matrixes were calculated by
direct kinematic. The matrix that converts reference frame 3 (attached to hip) to reference
frame 0 (attached to metatarsal-floor connection) is

cosp —sing 0 x
0~ _ | sing cosp 0 z
B=1"%9 0o 10 M
0 0 01
In which
i=3
9=)6 @)

X = 1123 (li cos <]Zl 9j> ) 3)
i=1 j=1
i=3 J=i

zZ = Z(ll sin(Z 9]>> (4)
i=1 j=1

In Equations (2)-(4), 6 and [ represents joint angle and segment length respectively.
To solve the inverse kinematic, the resolved motion rate control (RMRC) method was
used [28]. The Jacobian matrix, that related the angles to the position of end effector, was
calculated as:

716 = —l3s123 — Ips12 — 151 —I3s123 —s12 —I3s123 5)
l3c13 +loc1p + e Izciz + e B3erns

In which
5123 =sin (91+ 92+ 63) (6)

C123 = COS (91+ 92+ 93) (7)
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Because this is a redundant problem, the Pseudo inverse of Jacobian matrix should
be calculated »
=TT ®)

The horizontal linear velocity of end effector (hip) supposed to be zero and its vertical
linear velocity was calculated from

U(t)—l::?];xcos<£x t)—gt+g€c )

which is obtained of modeling ground reaction force in hopping task as a sine wave
(Equations (10) and (11)), as fully detailed elsewhere [25]

F(t) = Fpax xsin (2= x 1) (10)
T
which is in
Fpox = mg x % x | 41 (11)
max — MY 5 T,

In these equations, m is the mass of subject, T and T represent the contact time and
flight time in hoping, g used for gravitational acceleration, and ¢ shows the time.

By integrating the above expression of the velocity, Equation (9), vertical displacement
of hip was calculated

Foax T2 _ . (70 1 T,
z(t) = — ’Z;x # ><sm(TC>< t) —ngt2+g§t (12)

where z (0) = 0 is the vertical position of center of mass at the time of first touch with ground.
Therefore, the linear velocity matrix of hip was obtained

s=1[0 z’]T (13)

In which
z=o(t) (14)

Angular velocities were calculated from Jacobian and linear velocity matrixes, (Equation (15))
and angular displacements were obtained by integrating the angular velocities.

6=1[(0) 8 (15)

To calculate the moment of joints, the inverse dynamic problem was solved with
recursive Newton-Euler method [29].

— N N - N - —

Mp =Igag—(rgpx Fp)—(rgp x Fp) — Mp (16)
- N o =
szm(ac—g)—FD (17)

In which, M and F show net moment and net force at the joints, D and P use for distal
joint (fifth metatarsophalangeal joint) and proximal one (ankle joint). a4 and & represent
linear and angular acceleration about center of gravity, I uses for moment of inertia, and r
and m represent distance and mass of the segment.

The algorithms of inverse kinematic and inverse dynamic were developed in MATLAB
(R2018a). The stiffness of joint assumes to be constant and is calculated as changes of
moment over changes of angle in the joint or the slope of linear fit to M-0 diagram as
shown in Figure 4 [30,31].
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Figure 3. The diagram showing the different approaches taken to calculate the Ankle Joint Stiffness
using the new method vs the reference method.
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2.3. Calculating AJS Based on Conventional (Reference) Method

As fully detailed elsewhere [17], the angle of joints were calculated from kinematic
data (by entering x-z trajectories of markers in Mokka-0.6.2 software). The moment of joints
were calculated by solving an inverse dynamic problem with recursive Newton—Euler
method [29]. Similarly in the new method, the stiffness of ankle was calculated as slope of
trend line of M-0 diagram in this joint. Figure 3 shows all the steps in the two methods.

2.4. Statistics

Resulted data from both methods analyzed in SPSS22 software. Pearson correlation
and Bland-Altman plot are used to test the validation of new method (ax < 0.05).

3. Results
3.1. Methods Output

The ankle angle, sagittal angle created between foot and shank in the model in refer-
ence method, is obtained of kinematic data which exported from motion analysis system
but in new method is obtained by solving inverse kinematic. The ground reaction force
in conventional method is force platform’s output but in the new method is calculated by
the formula. The moment at ankle joint in both methods is calculated by solving inverse
dynamics equations. Figure 3 shows a comparison of the AJS for a participant using the
two methods.

Ankle joint angle and stiffness that calculated by the two methods, the conventional
method and the new method, are presented in Table 1.

Table 1. Ankle joint angle and stiffness by two methods.

Min. Max. Mean SD Test of Normality (Shapiro-Wilk Sig.)
0ankle Conventional 72.68 99.41 85.48 9.02 0.532
(degrees) new 75.53 98.73 87.74 7.01 0.822
S ke Conventional ~ 421.29 1051.70 642.39 185.96 0322
(N-m/rad) new 295.57 892.07 506.47 177.84 0.145

The ankle angle at the middle of the contact phase and the ankle joint stiffness, for all
participants are shown in Figure 5 where the angles and stiffness calculated by new method
are very close, to those calculated by the conventional method for most participants.
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Figure 5. Comparison between variables obtained using new method versus reference method. Ankle angle (Theta) as the
angle between foot and shank (top), and ankle joint stiffness (bottom).

Some additional information about the comparison of two methods for a typical
subject could be found in the Appendix A.

3.2. Validation

The normality of data was performed through Shapiro-Wilk test. Because all data
were normal thus Pearson correlation test was used. There was a significant correlation
between stiffness values calculated with the two methods (r = 0.752, p = 0.005).

The mean difference and limits of agreement between the new method and the refer-
ence method is displayed in Bland—Altman plots in Figure 6.
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Figure 6. Bland—Altman plots displaying the difference between joint angle (top) and joint stiffness
(bottom) measured with the new method and reference method in ankle joints.

4. Discussion

The aim of this study was to introduce a novel low-cost method for measuring AJS
during hopping. For this purpose, a simple method was considered to simulate GRF and
CoM displacement during hopping. Furthermore, inverse kinematic method was used
to estimate joint angles. In addition, ankle joint moment was calculated using inverse
dynamic method. Finally, AJS was obtained as the slope of ankle joint’s moment-angular
displacement data. The capability of new method to calculate AJS was different between
participants, but overall there was a significant correlation (r = 0.752) between ankle
stiffness obtained using the two methods.

As the proposed method is new, there is no study in literature to compare the re-
sults against. However, appropriate agreement was observed between the results of the
conventional method used in this study as reference and those reported in the previous
literature. The purposes of previous studies were different than this study and each of
those assessed correlation or reliability of ankle joint stiffness with different factors such
as leg stiffness, performance, or risks of injury. However, the method of measuring the
moment and stiffness of ankle joint in hopping are similar in all of these studies, which are
the same as reference method in this study. Therefore, the data extracted using the reference
method in this study could be compared with previous data, where the net moment in
ankle joint closely represents those reported in previous studies [4,19,32]. Also, the stiffness
of ankle joint, 642.39 N-m/rad from the reference method is comparable to 433.37 N-m/rad
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or 553.77 N-m/rad that have been reported in the literature [17,32,33]. In a similar study
proposed a simple method to calculate the leg stiffness, the results were similar to the
reference method [25].

The difference between stiffness values obtained from two methods could be due to
underestimation of the propulsive time in the new method, because the ground reaction
force was modeled as a sine wave, it was assumed that propulsive time is half of contact
time [25]. However, the propulsive time was observed to be over 50% of the contact time
in experiment that was due to the asymmetry of the landing and take-off phase duration
within the contact time [34]. In the inverse kinematic method, the movement of end effector
assumed to be completely vertical, but the horizontal velocity is not zero in kinematic data
obtained from motion analyses, which could be a cause of discrepancy compared to the
actual ankle joint stiffness. Another reason for the observed differences between the AJS
obtained from the proposed new method vs. those obtained from conventional methods
could be the position of center of mass, which is supposed to be on the hip joint.

The method was capable of measuring ankle joint stiffness with a significant correla-
tion with the stiffness measured using conventional method. The proposed method does
not require lab equipment, such as force-plate and motion analyses systems, that makes it
suitable in the field and in low resource settings.

5. Conclusions

In summary, this study presented a novel method for calculating AJS during hopping
only by having contact time and flight time of a hop. The joint stiffness measurement using
this method has been validated against the conventional method. The proposed method is
low cost as it does not need equipment such as force plate and motion analyses systems
and could be used in low resource settings and in the field where access to sophisticated
equipment is limited. The proposed method could have practical implications for future
studies where improving performance and reducing the risk of injury are intended.

Such methods can facilitate the investigation of the effect of exercise programs de-
signed to manipulate the elastic properties of the soft tissues around the ankle joint specif-
ically the Achilles tendon. Exercises include plyometric exercises that improve athletic
performance by increasing energy storage, energy reproduction, and the speed of force
transmission, or exercises that prevent injuries by enhancing the capacity of structures of
tissues to overcome the ground reaction shocks.

The approach used in this research can be optimized by applying different conditions
and can be used in simplification and analysis of many other human movements.

Author Contributions: Conceptualization, E.S. and M. A.; Methodology, S.G.E, E.S. and M.A.; Soft-
ware, S.G.F,; Validation, S.G.E, E.S. and A.S.; Formal analysis, S.G.F. and M.A.; Investigation, S.G.F,,
E.S., AS. and R.N.; Resources, S.G.F. and M.A.; Data curation, S.G.F. and E.S.; Writing—original
draft preparation, S.G.F,; Writing—review and editing, E.S., A.S. and R.N.; Visualization, S.G.F. and
E.S.; Supervision, E.S. and A.S.; Project administration, E.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Research Ethics Committee of the University of Tehran
(Approval ID: IR.UT.SPORT.REC.1397.019, 7 October 2018).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: In this study, there are two series of data for all subjects (12 subjects) in
format of excel files, the force plate data (kinetic data), which was used in both of reference method
and the new method (to obtain contact time and flight time), and the motion analysis data (kinematic
data), which is used only in reference method.



Appl. Sci. 2021, 11, 12140

11 of 15

Conflicts of Interest: There is not any relationship or support which might be perceived as constitut-
ing a conflict of interest.

Nomenclature

A list of nomenclature for all abbreviations, Greek letters, symbols and letters used in this study:

AJS
GRF
GT

LFE

LM
5thMTP
RMRC
LoA
CoM

&G

rGp

GD

eankl e
M_ank_new
M_ank_ref
Theta_ank_new
Theta_ank_ref

Sankle

Sankle—new

Sanklefref
deltaY _hip

Appendix A

Ankle joint stiffness

Ground reaction force

Greater trochanter

Lateral femoral epicondyle

Lateral malleolus

Fifth metatarsophalangeal joint

Resolved motion rate control

Limits of agreement

Center of mass

Joint angle

Segment length

Jacobian matrix

Mass of subject

Gravitational acceleration

Time

Contact time

Flight time

Ground reaction force

Vertical linear velocity

Linear velocity matrix

Vertical displacement

Angular velocities

Net moment at the proximal join

Net moment at the distal join

Net force at the proximal join

Net force at the distal join

Moment of inertia

Linear acceleration about center of gravity
Angular acceleration about center of gravity
Distance of proximal joint and center of gravity
Distance of distal joint and center of gravity
Angle of ankle

Net moment at ankle measured by new method
Net moment at ankle measured by reference method
Angle of ankle measured by new method
Angle of ankle measured by reference method
Stiffness of ankle

Stiffness of ankle measured by new method
Stiffness of ankle measured by reference method
Displacement of hip

In the reference method, the angle of ankle obtained from motion analysis system’s
data but in new method the angle of ankle obtained by solving an inverse kinematic
problem. The angles of ankle measured by both methods during half of contact phase of
hopping are shown in Figure Al.
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Figure A1. Angle of ankle during half of contact phase of hopping.

In the reference method, the displacement of the hip is extracted from the motion
analysis system’s data, but in the new method the displacement of hip calculated by a
formulation that obtained by Dalleau in 2004. The displacements of hip measured by both
methods during half of the contact phase of hopping are presented in Figure A2.
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o
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o 40 W :
- OU AY_hip_ref.
2 20 o
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0.00 0.02 0.04 0.06 0.08 0.10
time (s)

Figure A2. Displacement of hip during half of the contact phase of hopping.

In the reference method, ground reaction force extracted from force plate’s data but
in new method the ground reaction force calculated by a formulation which modeled the
ground reaction force as a sine wave and obtained in 2004, by Dalleau. The ground reaction
forces measured by both methods during half of the contact phase of hopping are shown
in Figure A3.
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Figure A3. Ground reaction force during half of contact phase of hopping.

The moment in the ankle joint in both methods is calculated by solving an inverse
dynamic problem; but the input data for inverse dynamic problem, as presented above, is
calculated by different methods, so difference in moment in the ankle join, measured by
both methods during half of contact phase of hopping, are seen in Figure A4.
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|
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-150 M_ank_new

M_ank_ref.
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Ankle Joint Moment (N.m)

-250

-300
time (s)

Figure A4. Moment in the ankle joints during half of contact phase of hopping.

The stiffness of ankle joints in both methods—reference method and new method—
calculated by the same formulation, but the input data for this formulation were measured
by different tools. The stiffness of ankle for all participants is presented in Table Al:
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Table A1. Stiffness of ankle for 12 subjects.

Subject No. sunkle—ref S ankle—new
1 775.09 529.39
2 508.92 295.57
3 421.29 442.55
4 1051.7 892.07
5 599.07 572.96
6 670.58 403.91
7 549.97 508.79
8 870.69 781.68
9 576.78 483.52
10 457.18 364.4
11 502 492.81
12 725.46 310.07
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