


Dear RMASB Supporters, 
 
We would like to thank all of you for supporting the Rocky Mountain American Society of Biomechanics 
Conference (RMASB).   
 
Thanks to all of the students and faculty who submitted nearly 80 abstracts to share your work with all of 
us in the biomechanics community. We would also like to thank the numerous sponsors and the ASB who 
were willing to support us, and we are especially grateful for the messages that we received from sponsors 
who are already planning to support us for RMASB 2021. 
 
We are saddened that we were forced to cancel this year’s conference due to the worldwide pandemic 
COVID‐19. Our thoughts are with all those who are working through these challenging circumstances and 
confronting the horrific effects of this virus. We apologize for any additional lost expenses such as plane 
tickets or other accommodations.  With this book of abstracts, we're hoping to still give the opportunity 
for students to share their research and contribute their efforts to the growing body of knowledge in the 
field of biomechanics.  
 
We are hopeful of new opportunities and growth as a result of the current circumstance and look forward 
to seeing many of you at RMASB 2021. We are tentatively planning the dates of April 2 and 3 for our 
meeting in the beautiful Rocky Mountains at the YMCA in Estes Park, Colorado.   
 
To end with a positive note, a recent article in the Washington Post declared that Isaac Newton actually 
did his best work while he was forced to work from home (and without the internet!) during the time of 
the Great Plague. We wish everyone and their families to stay safe and well and encourage all of us to 
follow Newton's example to use this extraordinary time to think creatively and improve each day.  
 
Best wishes and warm regards,  

RMASB 2020 Organizing Committee: 
Andrew Merryweather, Philippe Malcolm, Neha Lodha 

 

 

 

https://sites.google.com/site/asbrockymountain/home 
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INTRODUCTION 
There is a U-shaped relationship between gross 
energy cost of transport per unit distance (CoT; 
J·kg-1·m-1) and walking speed (s; m·s-1). That is, a 
specific s minimizing the CoT-s relationship exists in 
each individual, called economical speed (ES) [1]. 
We examined whether body mass (BM), body fat 
percentage (%BF), or body mass index (BMI) were 
associated with the ES even in non-obese individuals 
with and without 30% BW support (BWS; Fig. 
1). We also investigated whether the ES is 
equivalent to the preferred walking speed (PWS) 
to examine the effects of BW and/or %BF on the 
ES and PWS.

METHODS 
Forty young male participants were divided into 
two 20 participant groups by BM (normal weight or 
light weight group), %BF (lean or very lean group), 
and BMI (normal or “below” normal BMI group). 
Oxygen uptake (VO2; mL·kg-1·s-1) and carbon 
dioxide output (VCO2; mL·kg-1·s-1) were measured 
during treadmill walking at seven speeds (0.67 - 2.00 
m·s−1) under normal walking (NW) and BWS. The 
CoT values were calculated using Brouwer's equation. 
The CoT values of both conditions were approximated 
by a quadratic equation to obtain the ES. The PWS 
was measured on a different day. BW and %BF were 
measured using bio-impedance (BIA) technique. The 
CoT values across the speeds as well as the ES and 
PWS were compared with a two-way ANOVA using 
online software (ANOVA 4). If a significant F values 
was obtained, Ryan’s post hoc test was applied to each 
appropriate data set. Statistical significance was set at 
p < 0.05, and a tendency was defined as 0.05 ≤ p < 
0.10 [2].

RESULTS AND DISCUSSION
We observed significantly faster ES with BWS due to 
a rightward (faster) shift of the CoT-s relationship 
(Fig. 2). The rightward shift was due to significantly 
lower CoT values at speeds faster than 1.56 m·s-1 (Fig. 
2). These results suggest that BW influenced the CoT 
values at faster walking speeds. 

Figure 1.  A schematic illustration of participants walking 
with BWS apparatus. This BWS apparatus applied vertical 
force without disturbing leg swinging.

Figure 2. CoT-s relationships with and without BWS. A faster 
ES was observed with BWS due to a rightward shift of 
CoT-s relationship. Arrows indicate the mean ES under the NW 
and BWS. # NW > BWS and + NW < BWS. Values are mean ± SD.
  A successful BF reduction accompanied by improved 
aerobic fitness did not make the ES faster in obese 
adolescents [3]. Indeed, neither longitudinal aerobic, 
resistance, and balance training in elderly individuals 
[4], nor three-week walking training under moderate 
hypoxia in obese adults [2], altered the CoT values 
across wide range of walking speeds, suggesting that 
the ES could not be altered in these populations. 
Although these discrepancies between our results 
(with and without BWS) and previous results (pre- and 
post-exercise intervention) regarding an alteration in 
the ES are unclear, different study designs have 
made it difficult to establish a universal agreement for 
whether BF and/or BW reduction may alter the ES.



previous studies and our present results, BW and/o r 
BF distributions, which are related to the body 
conformation, may also explain an individualʼs  ES.

   A significantly faster ES was observed only in the 
BMI classifications (Fig. 3C), these results suggests 
that there was an integrative effect of physical 
characteristics, rather than a single factor, on the ES. 
Another effect to be considered on the ES is the BW 
and/or BF distributions. Although the BIA technique 
used in our present study cannot specify the BW and/or 
BF distributions, our previous study demonstrated that 
added mass around the ankle joints resulted in a 
considerable upward shift of the CoT-s relationship [5], 
but not when the mass was loaded on the back [5]. Given 
our previous and present results, BW and/or BF 
distributions, which are relating to the body 
confirmation, may also explain the individual’s ES.
  Although there were no significant differences 
between ES and PWS with and without BWS on 
average (Fig. 4A), correlation analysis demonstrates 
that the relationship between PWS and ES without 
BWS explains 45.4%, but only 15.6% with BWS 
(Fig. 4B). Indeed, other intervention studies reported that 
the the PWS was slower on rough terrain compared to 
smooth terrain and that the PWS was significantly 

Figure 3. Comparisons 
of economical speed 
(ES) and preferred 
speed (PWS) with and 
without BWS. 
(A) Classification by BW, 
(B) %BF and (C) BMI. 
NW; normal walking, 
BWS; body weight 
support. 
* p < 0.001, #P < 0.05, 
and   +trend for 0.05 ≤ P
< 0.10. Values are mean 
± SD.

Figure 4. Comparisons 
of economical speed (ES) 
and preferred walking 
speed (PWS). 
Panel (A) showed that the 
ES was not significantly 
different from the PWS 
under normal walking 
(NW) and body weight 
support (BWS). *P < 
0.01. N.S. means non-
significant difference. 
Values are mean ± SD. 
Panel (B) showed the ES 
was significantly 
correlated with the PWS 
under both conditions. 

slower than the ES on both terrains [6]. O’Connor 
and Donelan [7] also reported that visual disturbance 
slowed the PWS. These notable findings suggest 
that the PWS is likely to be modified by several 
human factors, such as gait instability and visual 
cognition, due to a modification of an optimal 
combination of stride length and step frequency, 
which is likely to increase in the metabolic cost of 
walking. Based on this interpretation, metabolic 
minimization could be the central mechanism to 
explain the PWS without BWS in able-bodied 
non-obese individuals. However, mechanisms to 
explain the PWS under different environmental 
conditions needs more clarifications.
CONCLUSIONS
There was an integrative effect of obesity-related 
physical characteristics, but not a single factor, on the 
ES even in non-obese young males. The PWS is 
mainly explained by the metabolic minimization, but 
other human factors could also be associated with 
the PWS under different environmental conditions.
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INTRODUCTION  

Grip impairments after stroke include the loss of grip 
strength, decreased accuracy, and increase the 
variability of grip forces. [1] Although a previous 
study reported no impact of grip strength on force 
accuracy when tracking at absolute force level in 
mild to severe hemiparetic participants, the evidence 
is lacking whether grip strength recovery impacts the 
force accuracy in that population. [2] We used 
paretic grip strength recovery, the percentage of 
maximal paretic grip strength normalized with the 
maximal non-paretic grip strength and grip force 
accuracy, normalized with the absolute target force 
level. Further, we investigated whether the accuracy 
of grip forces differ in the severe, lower than 60%, or 
mild to moderate, 60% or higher, degree of grip 
strength recovery in chronic stroke, and age-matched 
control subjects. 

METHODS 

Twenty-two chronic stroke participants, eleven on 
both low strength recovery group (LSRG) (64.03± 
14.82) and high strength recovery groups (HSRG) 
(65.95 ± 9.86) and eleven age-matched controls 
(69.54 ± 9.80) performed two tasks with power grip: 
1) maximum voluntary contractions (MVC), 2) 
dynamic isometric force tracking.  

Figure 1 shows participant positioning for the two 
tasks. In the MVC task, participants were instructed 
to apply as much grip force as possible for a period 
of 3s. The dynamic force tracking task involved 
producing 20% MVC of isometric force with 
controlled force increment for 6.5s followed by 
constant force for a brief period of 2s and a 6.5s 

linear decrease of force. We selected 20% MVC as 
the target force to confirm with the grip force level 
produced in everyday grip task. Participants received 
real-time visual feedback of their forces relative to 
the target trajectory. Grip strength of each hand was 
measured as maximum grip force obtained from 
three MVC trials. We calculated the percent of grip 
strength recovery from paretic and non-paretic MVC 
values. Grip force accuracy was measured as the root 
mean square error (RMSE) and normalized with the 
absolute target force level of force tracking task.  

Figure 1. 
Participant 
position for 
grip MVC 
and 
visuomotor 
force tracking 
tasks and. 

The normality of the data was confirmed using the 
Shapiro-Wilk test. We compared the LSRG, HSRG, 
and control groups on grip strength recovery, MVC, 
RMSE with one-way (Group: LSRG, HSRG, and 
control) ANOVA. Bonferroni posthoc analysis was 
used to compare significant means. We determined 
whether low or high grip strength recovery is 
associated with the RMSE of the paretic hand 
compared to control by performing a Pearson’s 
bivariate correlation. 

RESULTS & DISCUSSION 

Grip strength: We found a significant effect of group 
for grip strength [F (2, 30) = 18.72, p < 0.05, partial 

2 = 0.56], post-hoc test confirms that the grip 

A 
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strength in LSRG was reduced compared with HSRG 
and control. Also, HSRG showed less paretic grip 
strength compared with control (p < 0.05). 

 Grip strength recovery: We found a significant 
effect of group for grip strength recovery [F (2, 30) 
= 34.53, p < 0.05, partial ƞ2 = 0.70]. Further, the post-
hoc test reveals less strength recovery on the paretic 
grip of LSRG compared with HSRG and control 
(p<0.05). Despite having significantly less paretic 
grip strength than control, strength recovery in 
HSRG is not significantly different than the control 
(p= 1.0).  

Grip force accuracy: We found a significant effect of 
group for force accuracy [F (2, 30) = 19.62, p < 0.05, 
partial ƞ2 = 1.3], indicating force output of paretic 
hand in the LSRG was less accurate than HSRG and 
control group (p < 0.05). Further, the force output of 
the paretic hand in the HSRG was less accurate than 
the control group (p <0.05). 

Association between strength recovery and force 
accuracy: The Persons’ bivariate correlation showed 
that force accuracy is negatively correlated with 
paretic grip strength recovery in LSRG (r= -0.55; 
p=0.079). 

The Persons’ bivariate correlation showed that force 
accuracy is also negatively correlated with paretic 
grip strength recovery in HSRG (r= - 0.122, p=0.722) 

According to our study result, the paretic grip 
strength recovery in LSRG and HSRG is associated 
with decreased accuracy of grip forces. The previous 
finding reported that in low force levels, the stroke 
participants manifested force accuracy comparable 
to control. [2] However, in our study, the LSRG and 
HSRG showed decreased accuracy compared with 
the control. Furthermore, the MVC of HSRG was 
significantly reduced, but the strength recovery of the 
paretic grip showed no difference than the control. 
Finally, both LSRG and HSRG  

 

 

Figure 2:  (A) Strength recovery of HSRG was not 
significantly different than the control. (B) LSRG 
produced less accurate force than both HSRG and 
control. HSRG produced significantly less accurate 
force than control. (C) & (D)shows strength recovery 
is negatively correlated in both HSRG & LSRG. 

showed a negative correlation with paretic grip 
strength recovery and force accuracy. 
 
CONCLUSIONS 

In both LSRG and HSRG, force accuracy of grip 
forces are associated with the degree of strength 
recovery in paretic hand. Although HSRG showed 
similar strength recovery, the force accuracy was still 
significantly low than control. 
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Introduction 

For athletic track events like the 400 m sprint, over 
half the race is completed along a curve. Sprinting along a curve 
imposes different force production requirements [1] and elicits 
slower maximum sprinting speed compared to a straightaway 
[2]. Faster curve sprinting may improve overall performance in 
these athletic events. Sprinters with a transtibial amputation use 
a passive-elastic running-specific prosthesis (RSP), typically 
made with a solid piece of carbon fiber and therefore torsionally 
stiff, resisting frontal plane rotation during running. Fillauer 
Composites (Salt Lake City, UT) manufactures an RSP with a 
split-toe  design, where a distal portion of the RSP is cut 

longitudinally, allowing the medial and lateral sides of the RSP 
to bend independently and reduce torsional stiffness (Fig. 1). 

We hypothesized that maximum sprinting speed 
would be faster using the split-toe compared to solid RSP on 
curves but would be similar between RSP designs on the 
straightaway. We also hypothesized that participants would 
elicit greater affected leg stance-average centripetal ground 
reaction forces (GRFs) on a curve when using the split-toe 
compared to solid RSP in order to achieve faster speeds. 
 
Methods 

Three individuals (2 male, 1 female; mean ± SD mass: 
72.92 ± 10.72 kg; height: 1.80 ± 0.06; age: 25 ± 9) with a right 
transtibial amputation participated. Subjects had at least one 
year of experience competing using an RSP in a sprint event 
(400 m or shorter) within the past two years. The split-toe and 
solid RSP had identical shapes, height, and sagittal plane 
stiffness. 

Participants completed a randomized series of 40 m 
sprints on a flat indoor track. We instructed participants to run 
as fast as possible for each trial and provided 8-min rest 
between trials. Participants performed clockwise and 
counterclockwise sprints along curves with radii of 36.5 m and 
17.2 m and straightaway sprints over 40 m. Athletes ran across 
two adjacent force plates (1000 Hz) embedded beneath the track 
surface. We recorded 3D kinematics using high-speed motion 
capture cameras (100 Hz). The force plates and capture volume 
were located halfway along the runway. Trials were repeated 
until athletes successfully landed on the force plates at least 
once. Participants were not blinded to the RSP designs. 

We measured maximum sprinting speed using average 
pelvis marker speed over the length of the force plates (2.4 m). 
We calculated stance-average centripetal force for the affected 
leg. We constructed linear mixed-effects models to determine 

the effect of RSP design on sprinting speed and force 
production. 

Figure 2. 

  
 
Results and Discussion 

Mean (± SE) sprinting speed with the split-toe RSP 
was 0.08 ± 0.03 m/s faster compared to the solid RSP for a 
given curve radii and direction (p = 0.008; Fig. 2). Using the 
split-toe RSP did not affect maximum sprinting speed on the 
straightaway compared to the solid RSP (p = 0.865).  

Stance-average centripetal force was significantly 
affected by curve condition (p < 0.001) and sprinting speed (p 
< 0.001), but not RSP design (p = 0.407) or running direction 
(p = 0.344). Mean stance-average centripetal force for the 
affected leg on the 17.2 m radius curve was 0.47 ± 0.15 BW and 
decreased by 0.21 ± 0.02 BW in the 35.2 m radius curve for 
both directions. 

Centripetal (radial) force (𝐹𝑐) equals 𝑚𝑣2/𝑟, where 𝑚 
is mass, 𝑣 is tangential velocity, and 𝑟 is curve radius. Sprinters 
running on a curve must apply 𝐹𝑐 to stay within their lane and 
achieve a fast speed. We observed statistically significant 
increases in sprint speeds with the split-toe RSP, but no change 
in 𝐹𝑐. Although participants ran along 36.5 m and 17.2 m curve 
radii, the 1 m lane width allows athletes to vary their path 
traveled for a given curve condition. We suspect that 
participants decreased the effective radius of the curve they 
traveled along within the lane when using the split-toe 
compared to solid RSP, which would potentially explain the 
faster sprinting speed without significant increases in 𝐹𝑐.  
 
Significance 

Sprinters with a unilateral transtibial amputation may 
be able to achieve faster curve sprinting speeds using an RSP 
with a split-toe design compared to a traditional, solid RSP. 
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INTRODUCTION 
 
Based on a previous study, we know that the use of 
electrical stimulation to increase sensory feedback 
can evoke acute improvements in walking and 
manual dexterity for persons with multiple sclerosis 
(MS) [1]. The electrical stimulation presumably 
augments proprioceptive feedback [2] that increases 
the excitability of motor neurons [3]. However, 
retention of these acute changes after the 
stimulation has ended is uncertain.  

The purpose of our study was to assess the 
effectiveness of a treatment protocol with 
transcutaneous electrical nerve stimulation (TENS) 
at improving walking and manual dexterity in 
persons with MS.   

METHODS 
 
Fifteen subjects with MS (56 ± 9 yrs., PDDS score; 
3.6 ± 1.2, range: 1-6) and 10 age-matched control 
subjects (54.8 ± 12.4 yrs.) received nine treatment 
sessions of TENS delivered over a period of three 
weeks. Tests for mobility (25-ft walk and 2-min 
walk), manual dexterity (grooved pegboard test, 
GPB), and dynamic balance (chair-rise test) were 
performed before and after the intervention. MS 
subjects also completed three self-reported 
disability questionnaires: PDDS, MSWS-12, and 
MFIS.  

Each treatment session involved the application of 
TENS to both legs and both hands with two modes 
of stimulation: traditional and bursting. Both modes 
comprised a rectangular pulse delivered either 
continuously at 50 Hz for the traditional stimulation 
or intermittently at 5 bursts/s for the burst mode. As 
stimulus intensity was set just above the motor 
threshold, we called it augmented TENS (aTENS). 

 
A linear mixed-effects model was used to compare 
the outcomes exhibited by the MS and control 
groups.   
 

 
Figure 1.  Placement of the aTENS pads over the 
median nerve and thenar eminence for the hand (A) and 
over rectus femoris and tibialis anterior for the leg (B). 

RESULTS AND DISCUSSION 
 
The MS group experienced significant 
improvements for all outcomes, except for the GPB 
test performed with the left hand.  The control 



group did not exhibit any significant changes after 
the intervention (Table 1).  

The time it took the MS group to walk 25 ft 
decreased from before (8.08 ± 5.8 s) to after (7.4 ± 
5.7 s) the intervention (P = 0.0119). Similarly, 
walking distance increased in 1 min (before: 64.7 ± 
24.1 m; after: 71.3 ± 27.7 m; P < 0.001) and in 2 
min (before: 127.4 ± 47.3 m; after: 140.6 ± 55.4 m; 
P < 0.001) during the test of walking endurance. 
The number of repetitions completed by the MS 
group in the chair-rise test also increased (before: 
9.4 ± 4.9; after: 11.5 ± 6.2; P < 0.005). The time for 
the GPB test for the right hand decreased (before: 
112 ± 67 s; after: 99 ± 49 s; P < 0.005).  

Improvements in the functional tasks for the MS 
group were accompanied by parallel changes in 
self-reported disability scores for walking 
limitations (MSWS-12) and fatigue (MFIS). The 
improvements in the self-reported scores indicate an 
awareness of the adaptations elicited by the 
intervention.  

In addition to the significant change in the 
functional tests for the MS group, the difference 
between the groups for the absolute change was also 
significant, except for the chair-rise test and the 
GPB with the right hand. Despite the observed 
improvements in the MS group, the change differed 
between individuals, with those having a PDDS 

score of 3 or less exhibiting the greatest 
improvements. This association was verified by the 
moderate levels of the average correlation (r = 0.43) 
between the PDDS score and absolute change in the 
functional tests. Moreover, the decrease in the 
fatigue score (before: 48 ± 19; after: 38 ± 21; P < 
0.001) underscores the widespread central effects of 
an intervention (aTENS) mediated by the increase 
in sensory feedback. 

 
CONCLUSIONS 
 
Treatment with augmented TENS applied to a few 
limb muscles of persons with MS elicited 
significant improvements in functional tests and 
reduced the severity of some key symptoms. 
Importantly, the benefits required only nine 
treatment sessions and seemed to be more effective 
in individuals with relatively mild symptoms. The 
absence of the significant changes in the control 
group suggests that the improvements were unlikely 
attributable to a placebo effect. 
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Table 1: Functional tests for MS and Control groups before and after 3 weeks of aTENS treatment.    
 MS Control 
 Before After Before After 

Chair-Rise test (counts)  9.4 ± 4.9  11.5 ± 6.2*  20.7 ± 5.8  22.1 ± 7.3  

25-feet walk (s)  8.08 ± 5.8  7.4 ± 5.7*  3.1 ± 0.3  3.21 ± 0.5†  

One-minute walk (m)  65 ± 24  71 ± 28*  108 ± 14  108 ± 13†  

Two-minute walk (m) 127 ± 47  141 ± 55* 212 ± 25  212 ± 23†  

Right GPB (s)  112 ± 67 99 ± 49*  58 ± 8  56 ± 7  

Left GPB (s) 120 ± 69 119 ± 49 65 ± 10 66 ± 13 

MSWS-12 43 ± 12 37 ±14*   

MFIS 48 ± 19 38 ± 21*   

Values are means ± SD.  *P < 0.05 compared to the baseline. †P < 0.05 between the groups for the absolute change. 
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INTRODUCTION 
 
The growing prevalence of computational modeling 
in biomechanics is limited by the data used to 
calibrate the underlying models. One such measure 
used to calibrate passive knee motion in knee models 
is knee laxity. Laxity is described as the relative 
motion of a joint resulting from the passive force-
displacement relationship due to the non-linear 
interactions of the underlying soft tissue [1]. In vitro 
knee laxity measurements are easily and accurately 
measured with load cells and motion capture markers 
rigidly attached to the underlying bones, while in 
vivo knee laxity measurements have largely been 
limited to force-displacement measurements using 
markers placed on the skin. 

Our goal was to design and evaluate an apparatus that 
would be capable of making in vivo laxity 
measurements with accuracy similar to in vitro 
measurements, for use in creating computational 
models. 

METHODS 
 
Knee Laxity Apparatus Design: The knee laxity 
apparatus (Fig. 1) is made of radiolucent materials 
and holds the lower limb in place at a variety of 
adjustable knee flexion angles. Inter-subject segment 
length variability is accommodated by slots used to 
adjust foot height and length offset.  

 
Figure 1. CAD rendering of laxity apparatus 
 

The Anterior/Posterior (AP) and Internal/External 
(IE) loads are applied by a series of cables and 
pulleys. Each of these loads is measured using a load 
cell and can be applied via static weights or a 
dynamic load [2,3]. The kinematics resulting from 
the applied loads are measured with a high-speed 
stereo radiography (HSSR) system, in combination 
with known bone geometries. 
 
In vivo/Knee Laxity Apparatus Data Collection: In 
view of the HSSR system, a pelvis-to-toes cadaveric 
specimen (male, 29 yrs, 32.1 BMI) was moved 
through a passive knee flexion range of motion 
(ROM) to gather a no-load joint position for each 
flexion angle. The specimen was then placed in the 
knee laxity apparatus (Fig. 2) and AP and IE loads 
were applied at 30° and 90° flexion angles. The 
applied loads matched previous studies [3,4]. 
 

 
Figure 2. Experimental setup of knee laxity apparatus 
(Left) and 3D reconstruction radiography bone tracking 
(Right) 
 
Bone geometries were generated using specimen CT 
scans in ScanIP software (Simpleware) with Grood 
and Suntay (GS) coordinate systems [5]. The joint 
kinematics were obtained using the bone geometries 
and validated stereo radiography bone tracking 
techniques in Autoscoper (XROMM) and DSX (C-
Motion) [6,7]. Force and kinematic data were used to 
create knee AP and IE laxity curves. Displacements 
were taken as the difference between the GS 
coordinates for a given trial and the unloaded 
coordinates from the passive ROM trial. The average 
curve hysteresis between loading and unloading was 



quantified by calculating the RMS difference 
(RMSD) between the maximum and minimum 
displacement for a given load level. 
 
In vitro/Robotic Knee Tester Data Collection: The 
same specimen was then dissected, leaving the soft 
tissue around the knee intact. The knee was then 
potted in a custom fixture placed in a VIVO (AMTI) 
joint simulator. Laxity measurements were made 
using similar loading profiles as the in vivo testing at 
every flexion angle from 0-120° in 15° increments. 
The loads were measured using the VIVO and the 
kinematics were found using an Optotrak motion 
capture system (Northern Digital Inc.). Data was 
then combined in the same manner as in vivo testing. 
 
RESULTS AND DISCUSSION 
 
The total anterior displacement at the maximum 200 
N load was found to be 5.8 mm at 30° and 2.6 mm at 
90° for the in vivo testing, with the largest difference 
in maximum displacement between testing methods 
less than ±0.5 mm (Fig 3a.). The total internal-
external displacement at the applied ±7.5 N*m 
torques were -14.6° to 23.2° and -17.7° to 23.6° for 
30° and 90° flexion respectively for the in vivo 
testing, with the largest difference in maximum 
displacement between testing methods less than ±3° 
(Fig 3b.). RMSD values for the hysteresis were larger 
for the in vivo testing method compared to the in vitro 
testing (Table 1). 

 

 

Figure 3. Laxity Curves at 30 and 90 degrees of flexion. 
(A) Anterior/Posterior (B) Internal/External 

Table 1. Measured RMS Difference of Laxity Hysteresis 

 

The results of this study show that the proposed in 
vivo knee laxity apparatus has very similar AP and 
IE total displacement measures to in vitro measures. 
In addition, the total displacement for the chosen 
loads were consistent with reported values [3,4]. 
However, as noted in Table 1 the in vivo experiment 
has larger hysteresis ranges compared to the in vitro 
experiment. The increased hysteresis is likely caused 
by greater load variability in the in vivo testing [8].  

A limitation was the power of the study, resulting 
from the use of a single specimen for in vivo and in 
vitro comparisons. Another limitation was the 
accuracy in tracking the bones in the HSSR images 
that depends partly on the clarity of the acquired 
images.  
 
CONCLUSIONS 
 
This study introduced a novel knee laxity apparatus 
capable of performing in vivo measurements of AP 
and IE knee laxity with similar accuracy to existing 
in vitro methods, something which until now has 
been rather uncommon. The similarities between 
measurements made by the knee laxity apparatus and 
a traditional robotic knee tester validated its ability 
to be used for future in vivo testing and data 
collection of soft tissue response in healthy and 
pathologic human knees for more accurate 
computational modeling. 
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30 deg flexion 90 deg flexion 30 deg flexion 90 deg flexion

In vivo 2.77 2.37 6.39 4.83

In vitro 0.41 0.37 2.65 3.78

AP Root Mean Square Difference (mm) IE Root Mean Square Difference (deg)
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INTRODUCTION Studies from Gottschall and 
Kram [1] and others [2,3] show that the metabolic 
cost of walking can be reduced by up to 47% using 
elastic tethers that provide constant forward forces at 
the waist. Optimal aiding forces at the center of mass 
(COM) reduced propulsion at the expense of 
increasing braking ground reaction forces (GRF). It 
was suggested that a future research direction could 
involve developing devices that allow assisting 
specifically during propulsion. The present study 
investigated the effects of non-constant, forward 
force profiles at the COM during walking. We 
hypothesized that horizontal force profiles that 
coincide with the propulsion phase would reduce 
propulsion GRF. 

METHODS We developed a robotic waist tether 
that allows applying desired cyclic force profiles at 
the COM as a function of step time using a cable 
actuation system robot [4,5] (HuMoTech, Figure 1). 
Ten healthy participants walked on a treadmill at 
1.25 m·s-1. 

 
Figure 1. Experimental setup. 

We developed a controller that applied 32 sinusoidal 
force profiles with a desired onset timing and 
duration (as a function of step time) and a desired 
minimum force and peak force magnitude. We 
measured the GRF of both legs using a split-belt 
treadmill (Bertec). A tension load cell (Futek) 
measured the tether forces.  

 
RESULTS AND DISCUSSION Horizontal force 
profiles that coincided with the propulsion phase as 
well as force profiles that coincided with the braking 
phase reduced propulsion GRF. Contrary to our 
hypothesis, we found almost no effect of timing on 
propulsion GRF since the lines from all timing 
conditions in figure 2 are practically superimposed. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Bilateral parallel GRF. The black line is the condition 
with zero aiding force. Colored lines are conditions with similar 
actuation magnitude but different timings. Horizontal lines 
show the actuation periods corresponding to each color. There 
is a downward shift indicating less propulsion and more braking 
in all colored lines, but there is almost no effect of timing.  
 

The unexpected absence of the effect of timing on 
propulsion GRF highlights the importance of 
experimentation for deciding about using wearable 
robots for training patient populations to walk with 
greater or smaller propulsion [6]. 
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Introduction 
 The sport of long jumping has been a standard component 
of the Olympic games since their birth in Ancient Greece, and 
by modern competition rules includes a horizontal jump for 
distance preceded by a run-up of self-selected length.1 Current 
evidence suggests the factors that determine jumping distance 
are a combination of the horizontal velocity developed in the 
run-up and the vertical velocity obtained during the take-off, 
with maximum run-up speed being the strongest correlate with 
jump distance.2 
 Athletes with lower limb amputations compete in the long 
jump using carbon fiber running specific prostheses (RSPs) 
attached to the athlete’s residual limb by a rigid socket. Use of 
RSPs limit force generation, which likely limits maximum 
speed.3 Willwacher et al. found that use of an RSP by an athlete 
with transtibial amputation resulted in a slower run-up speed 
but an enhanced take-off technique compared to non-amputees 
with similar jump distances.4 RSPs are passive-elastic springs 
that act in-series with the residual limb. Thus, long jump 
performance is influenced by maximum run-up speed and take-
off speed, and likely the take-off platform stiffness (ksurf), which 
acts in-series with the take-off leg. We determined the effect of 
take-off platform stiffness on long jump distance in non-
amputees. We hypothesized that decreasing ksurf of the take-off 
platform would increase jump distance by enhancing take-off 
technique through increased energy storage and return in the 
platform. We also hypothesized that a faster maximum run-up 
speed would be correlated with a longer jump distance.  
 
Methods 
 Eight competitive collegiate long jump athletes (5 M, 3 F) 
gave informed written consent and participated in a 3-day 
protocol that involved maximum effort jumps on 3 take-off 
platforms of varying stiffness. The platforms had stiffness 
values of 84 kN/m, 90 kN/m, and 1628 kN/m. These 
represented the stiffness values of two typical RSPs, and a 
tartan track surface, respectfully. Each subject completed 4-6 
maximum effort long jumps on each of the 3 take-off platforms. 
We measured ground reaction forces during the take-off step 
from force plates installed beneath the track surface. We 
measured maximum run-up and take-off velocities using a radar 
gun (Stalker; 47 Hz), and two high speed video cameras (Casio; 
240 Hz). Jump distances were measured for all completed 
jumps with a tape measure. We averaged jump distances from 
4 jumps per athlete.  

We varied take-off stiffness by custom-building a springy 
platform installed between two force-plates. When the subject 
landed on the take-off platform, the force applied to the 
springboard was distributed between the two force plates. We 
used 28 springs and 30 springs, each with an individual stiffness 
of 3 kN/m, for the 84 kN/m and 90 kN/m stiffness platforms 
(Fig.1). We performed a two-way ANOVA to compare jump 

distance between platforms and used correlations to compare 
maximum run-up speed with jump distance. 

!
 
 
 
 
Results and Discussion 
 We found a strong correlation between faster maximum 
run-up speed and longer jump distance (Fig. 2; R2 = 0.61). 
There were no differences in the average maximum run-up 
speed attained between platform stiffnesses (p = 0.40). Jump 
distance was longer for the 84 kN/m stiffness platform (6.02 ± 
0.09 m) compared to the tartan track surface (5.69 ± 0.08 m) 
(Fig 2). This suggests that independent of maximum run-up 
speed, jump distance increases as take-off stiffness decreases.  

 
 
 
 
 
 
Conclusion 

Long jump distance depends on maximum run up speed. 
However, in athletes with transtibial amputation using RSPs, 
maximum run-up speed is limited. Thus, the in-series stiffness 
of an RSP during the take-off step may allow these athletes to 
achieve long jump performance similar to non-amputees. 
Future research is planned to better understand the interaction 
of run-up speed and take-off technique for the long jump.   
!
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Figure 1. Custom-built take-off platform installed between two 
force plates. As the subject lands on the platform during the take-
off step, the forces produced are recorded by both force plates.  

Figure 2. (A) Average ± SE jump distance (black square) and each 
athlete’s jump distance (colored circles) for a given take-off 
platform stiffness. Jump distance was longer for the 84 kN/m 
compared to the 1628 kN/m platform. (B) Average run-up velocity 
and jump distances for the 84 kN/m and 1628 kN/m platforms.  
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INTRODUCTION 

People with multiple sclerosis (PwMS) are often more 
sedentary and inactive than neurotypical controls.  While 80% 
of PwMS experience impaired balance and mobility, research 
has identified that exercise i.e., treadmill walking, resistance 
training, etc., can improve both balance and mobility in PwMS 
[1, 2]. However, associations between daily physical activity 
and balance remain unknown. Furthermore, gait speed is an 
established predictor of a wide range of health and quality of 
life metrics, but the relationship between gait speed and 
balance has yet to be explored in PwMS. Finally, because both 
physical activity and gait speed are often impaired in PwMS, 
they may provide additional targets for rehabilitation 
interventions for improving balance.  The primary aim of this 
study was to identify associations between weekly physical 
activity and gait speed with balance performance, assessed by 
the mini Balance Evaluation Systems Test (Mini-BEST). The 
second aim was to identify associations between weekly 
physical activity and gait speed between the four principle 
domains of the Mini-BEST: anticipatory postural control, 
reactive postural control, sensory orientation and dynamic gait 
in a sample of PwMS and age- and sex-matched neurotypical 
control participants.  
 
METHODS 

Twenty-seven PwMS (48 + 12 years, 24.9 + 3.8 kg·m2) with a 
median expanded disability status score (EDSS) of 3.5 (0-4.0) 
and 29 neurotypical controls (47 + 15 years, 25.3 + 4.0 kg·m2) 
completed a protocol consisting of a self-reported physical 
activity questionnaire, the Mini-BEST and (3) two-minute 
walk tests (2MWT). Prior to beginning walking assessments, 
participants were asked to document how much time they 
spend being physically active in a day, and how many days 
they are physically active during a standard 
week. From this data, total weekly physical 
activity was calculated by multiplying the 
typical frequency of activity by the average 
duration.  
Afterwards, participants completed the Mini-
BEST while instrumented with (6) inertial 
monitoring units (APDM – Portland, OR) in 
the configuration identified in Figure 1. The 
mini-BEST is a clinical examination that is 
composed of 14 individual assessments 
scored from 0 (unable to complete) to 2 
(normal) with a max score of 28, indicating 
no visible balance impairments. All Mini-
BEST assessments were video recorded to 
ensure proper scoring, and all tests were 
administered and scored by the same individual within the 
study staff.  Participants then completed three separate 
instrumented 2MWT, gait speed was recorded for each of  

 
the walks. During each of the walks, participants walked 
continuously for two-minutes down a 30-meter hallway 
unimpeded. The three walking conditions consisted of a 
walking at a: (1) self-selected pace, (2) fast pace, and (3) self-
selected while under a cognitive load (i.e. dual-task).  A series 
of Pearson product moment correlations were calculated 
between physical activity, gait condition (normal, fast, and 
dual task), the total clinical Mini-BEST score and its four 
subdomains: anticipatory postural control, reactive postural 
control, sensory orientation and dynamic gait. Further, a 
repeated measures analysis of variance was utilized to 
calculate the differences between groups (PwMS and 
neurotypical controls) and gait performance for each of the 
three conditions (normal speed, fast speed and dual-task).  
 
RESULTS AND DISCUSSION 

PwMS displayed significantly greater balance impairments, as 
indicated by significantly lower Mini-BEST and subdomain 
scores (Fig 2a). There were no significant correlations derived 
between total weekly physical activity volume and the Mini-
BEST or the four subdomains in either group (Table 1). This 
may have been influenced by the high level of physical 
activity within this sample, particularly in the PwMS. 
According to their self-reported activity, 20/27 PwMS and 
20/29 controls met the 150 minute guideline for weekly 
physical activity. However, larger samples have revealed that 
only 20% of PwMS met these guidelines [3]. Further, the 
behaviors that make up the weekly physical activity, such as 
moderate-to-vigorous intensity activity or functional tasks like 
sit to stands, are often used to improve balance and mobility 
outcomes in physical therapy settings and may play a role in 
the relationship between physical activity and balance.  
 
Gait speed was significantly lower across all three gait 
conditions in PwMS compared to neurotypical controls (Fig 

2B). There was a significant main effect of condition (p<0.01) 
and group x gait condition interaction (p<0.001). All three gait 
conditions showed a significant positive correlation (displayed 
in Fig 2C) with the overall Mini-BEST score, as well as the 4 
subdomains: anticipatory postural control, reactive postural 
control, sensory orientation, and dynamic gait in PwMS 
(Table 1). Conversely, no significant associations between gait 
speed and balance performance were identified in the 
neurotypical adults.  
 
CONCLUSIONS 

Physical activity was not correlated with any metric of balance 
within either group in the current study. Future research 
should measure physical activity using an objective 
accelerometer device in order to accurately assess the impact 
on daily physical activity, as well as functional behaviors such 
as sit to stands, on postural control. Further, gait speed was 

Figure 1. Inertial 
monitoring units 
on an individual   

https://www.chhs.colostate.edu/hes-hpcrl/sensorimotor-neuroimaging-laboratory


significantly correlated with the overall Mini-BEST score and 
each of the four subdomains for PwMS but not for 
neurotypical controls. Within PwMS, fast gait speed had the 
strongest association to overall balance impairment.  
Focusing rehabilitation on increasing self-selected fast gait 
speed may be linked to improvements in balance related to 
anticipatory and reactive postural control, sensory orientation 
and dynamic gait. Moreover, future studies should investigate 
this relationship in a more representative group of PwMS who 
 are less physically active and may have lower gait speed.  
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Figure 2.  Mini-BEST performance score (A) and gait speed (B) in PwMS and neurotypical controls. (C) Correlation between self-
selected fast gait speed and Mini-BEST performance score in PwMS.

Table 1: Correlation coefficients between physical activity, normal gait speed and fast gait speed with balance impairment scores 
using the total Mini-BEST and its four subdomains.

 PwMS (N = 27) Neurotypical Controls (N = 29)

Dependent 
Variable

Physical 
Activity 
(min/wk)

Normal 
Gait 

Speed 
(m/s)

Fast Gait 
Speed 
(m/s)

Dual Task 
Gait 

Speed 
(m/s)

Physical 
Activity 
(min/wk)

Normal Gait 
Speed (m/s)

Fast Gait 
Speed (m/s)

Dual Task 
Gait Speed 

(m/s)

Mini-BEST 0.015 0.591* 0.706* 0.581* -0.206 0.289 0.414 0.257 
Anticipatory 

Postural 
Control

0.128 0.452* 0.552* 0.479* -0.282 0.149 0.399 0.141 

Reactive 
Postural 
Control

0.057 0.417* 0.619* 0.381 -0.053 0.366 0.260 0.211 

Sensory 
Orientation -0.110 0.613* 0.596* 0.563* -0.023 0.029 0.024 -0.132 

Dynamic 
Gait

-0.056 0.537* 0.595* 0.543* -0.143 0.180 0.317 0.266 

Note: * significant value at p-value < 0.05  
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INTRODUCTION 

Lower extremity peripheral artery disease (PAD) is 
caused by atherosclerosis in the leg arteries that 
obstructs blood flow of around 202 million people 
globally, including 8-12 million people in the United 
States [1,2]. PAD causes claudication pain and early 
fatigue, which makes walking difficult and leads to a 
sedentary life in such patients. Presently, ankle-foot 
orthoses/exoskeletons are being developed to help 
patients with PAD walk more or with less pain. Roll-
over shape (ROS) is a potential design goal for such 
assistive devices. ROS is the effective rocker 
generated by the ankle-foot complex during the 
single limb support phase of walking [3]. ROS is 
invariant to walking speed, carrying additional 
weight and walking with different types of footwear 
[3]. This ROS invariance makes it an appropriate 
design goal for lower limb prosthetic and orthotic 
devices to mimic normal walking. The aim of this 
work is to investigate ROS characteristics in patients 
with PAD during pain-free and pain-induced 
overground walking.  

METHODS 

The gait data of twenty patients with PAD (Age: 
64.1±6.6 years, BMI: 28.5±6.3) from previously 
collected data was analyzed to calculate ROS 
parameters. Gait data was recorded using an eight-
camera 3D motion capture system while the subject 
walked along 10 m walkway at self-selected walking 
speed. The center of pressure (CoP) data was 
collected using a force platform embedded in the 
ground. Three gait trials with clean force plate strikes 
for the most affected leg (10 left and 10 right leg) 
during pain-free and pain-induced overground 
walking were used. The leg with higher ankle-
brachial index was considered as the most affected. 
Gait data was collected first for walking without pain 

and then claudication pain was induced using a 
clinical protocol [4]. Patients were asked to walk on 
a treadmill set at 10% grade and at a speed of 0.67 
m/s until claudication pain appeared. After that, 
patients were immediately asked to walk overground 
to collect gait data with claudication pain condition.  
 
The ankle-foot ROS was generated by transforming 
x-coordinate of CoP from the ground fixed 
coordinate system (x’-z’) to the shank-based 
coordinate system (X- ) shown in Figure 1. These 
transformed CoP data points were fit with a circular 
arc to characterize the ROS using parameters such as 
radius and arc length. The MATLABTM based 
optimization algorithm was used to find the best 
fitting circular arc. The ROS in a representative 
patient with PAD along with its parameters is shown 
in Figure 2. Height normalized; average ROS 
parameters were calculated for each subject. The 
Kolmogorov-Smirnov test with Lilliefors correction 
was used to confirm normality of the data. Paired t-
tests were used to determine the significant 
differences (p<0.05) between the two walking 
conditions for roll-over radius and arc length.  
 

 Figure 1: Shank-based coordinate system used to 
characterize roll-over shape. 
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Figure 2: Roll-over shape in a representative patient with 
peripheral artery disease during overground walking. 

RESULTS AND DISCUSSION 

Statistical analysis showed that the mean roll-over 
radius (p=0.624) and mean arc length (p=0.655) 
parameters were not significantly different between 
the pain-free and pain-induced walking conditions. 
The comparison of mean ROS parameters during 
pain-free and pain-induced walking is shown in 
Figure 3.  Our preliminary results show that the ROS 
is preserved even during claudication pain in patients 
with PAD. This finding corroborates with the general 
invariance model of ROS during different walking 
conditions in healthy young individuals [3,5].  

This finding that patients with PAD maintain the 
similar ROS even during painful overground 
walking further strengthens the proposition that 
preserving ROS is important for forward progression 
during walking. Literature shows that patients with 
PAD modify their ankle kinematics significantly 
while walking with claudication pain [4]. Hence, it 
would be the goal of future studies to investigate 
whether altered ankle kinematics are driven by 
patients’ intrinsic desire to preserve ROS during the 
presence of claudication pain.  

 
 

Figure 3:  Comparison of roll-over radius and arc length 
during pain-free and pain-induced overground walking in 
patients with peripheral artery disease. 
 
CONCLUSIONS 
 
Roll-over radius and arc length remain invariant 
before and after the onset of claudication pain in 
patients with PAD. This invariance of the ROS 
makes it a potential biomimetic design goal for the 
assistive devices that are under development for 
patients with PAD. 
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Introduction 
Anterior knee pain (AKP) is a common impairment 
for runners [1] and is thought to precede knee 
osteoarthritis. It is difficult, however, to examine the 
effects of AKP independent from other factors also 
associated with knee injury or disease (e.g., joint 
effusion or degradation). Experimental AKP is one 
way to evaluate the independent influence of AKP 
[2]. The purpose of this pilot study was to test the 
feasibility of methods designed to evaluate the 
influence of experimental AKP on running 
neuromechanics associated with knee cartilage 
disease onset and/or progression: vertical ground 
reaction force (VGRF) and activation of the vastus 
lateralis (VLA) muscle. We hypothesized that 
experimental AKP would alter VGRF and VLA 
characteristics during a 60-min run. 
 
Methods 
• 10 subjects (5 males; Age = 24 ± 2 yrs; Height = 

173 cm ± 11 cm; Mass = 68.4 kg ± 10.3 kg) ran for 
60 min on a force instrumented treadmill on 3 
different days corresponding to an experimental 
condition (control, sham, and pain).  

• The pain and sham sessions involved a hypertonic 
or physiological saline infusion, respectively, into 
the right infrapatellar fat pad during the run [2]. 

• Surface EMG was used to monitor VLA activation. 
EMG signals were normalized to EMG collected 
during a standing position for each session. 

• VGRF and VLA EMG were collected for 30 s at 
the end of each 10-min duration throughout the 60-
min run. 

• Subject-perceived pain was measured every 3 min, 
using a visual analog scale. 

• VGRF and VLA EMG, across the stance phase of 
running, were compared between sessions using a 
functional data analysis approach, resulting in 
mean difference curves and corresponding 95% 
confidence intervals; statistical between-session 
differences were assumed to exist when these 
confidence intervals did not overlap zero.   

 
 

Results and Discussion 
As expected, subject-reported AKP was greater (p < 
0.01) for the pain session than the other conditions 
(Figure 1). The induced experimental AKP, that 
lasted the entire run, appeared to alter running 
neuromechanics, supporting our hypothesis. VLA 
amplitudes were greater for the control session, 
relative to the pain session, but only during the first 
half of stance (Figures 2B and 2D) [3]. This fits 
somewhat with previous literature associating 
clinical (actual) AKP with arthrogenic muscle 
inhibition, specifically quadriceps inhibition [4]. We 
were surprised to observe that VLA activation was 
greater during the pain session throughout the second 
half of stance; perhaps, AKP affects muscle 
activation differently between eccentric (first half of 
stance) and concentric (second half of stance) muscle 
activity. However, more research is required to test 
this idea.  Reduced VLA activation likely alters knee 
joint loading and effects VGRF. In this case, VGRF 
was lower during the pain session relative to control 
session, during most of the stance phase (from initial 
ground contact and most of the latter ¾ of the stance 
phase (Figures 2A and 2C) [5]. This alteration of 
VGRF likely transmits the load across the knee joint 
during running. 
 
Conclusions 
In summary, fitting with our hypothesis, 
experimental AKP decreased VGRF and VLA 
activation during running, however, these alterations 
unexpectedly varied at different times of the stance 
phase. This pilot study indicates that these methods 
appear to be appropriate to evaluate the effects of 
AKP during running on lower-extremity 
neuromechanics. 
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Figure 2. A-B show mean VGRF (A) and VLA activation amplitudes (B), respectively, across stance, 
throughout a 60-min run, during the pain and control sessions. C-D show the mean between-session 
differences for VGRF (C) and mean between-session differences for VLA activation amplitudes (D), across 
stance; negative between-session differences indicate values which were significantly greater for the control. 
session.   

Figure 1. Mean and standard deviations for subject-reported AKP levels throughout the entire data collection, 
for three different experimental sessions (pain, sham, and control). On average, AKP levels were significantly 
greater during the pain session, relative to both the sham and control sessions. 
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INTRODUCTION 
One of the most conversed exercises in the sports 
community is the squat, which is a complex activity, 
consisting of hip flexion, knee flexion and ankle 
dorsiflexion. Therefore, the squat can be used in 
nonobjective practice of muscular strength and range 
of motion in functional activities. In physical 
rehabilitation, squats are used for muscular recovery 
after several injuries of the lower limbs, especially 
the knee. An important question that arises is kinetics 
and kinematics pattern changes when the hands was 
placed in different upper body positions. 
Understanding kinetics and kinematics relationships 
reveal clinical and theoretical aspects of squat 
exercise executed at two different styles s. 
The main purpose of current study was to compare 
knee kinetics and kinematics between two different 
upper body style of squat; hand front of chest (HFC) 
and hand back of head (HBH) to finding effect of 
hand style on motor control behavior.  
 
METHODS 
Ten healthy men students (174 ± 5 cm, 64 ± 8 kg, 23 
± 5 yrs) and nine healthy women students (163 ± 6 
cm, 62 ± 9 kg, 22 ± 6 yrs) participated in the two 
different squat style. Kinematic data were collected 
using a 12 camera VICON motion capture system 
(VICON, Vicon Motion Analysis Systems Ltd., 
Oxford, UK, sampling frequency 2000) (Kharazi et 
al., 2015). Kinetics signals were collected with two 
force plate (Kistler Instrumente AG, Winterthur, 
Switzerland, sampling rate 2000 Hz). Thirty-nine 
reflective markers were attached on the body 
landmarks base on the full body plug-in gait markers 
arrangements (Figure 1). 
Normality of the signal was confirmed with the 
Shapiro-Wilk statistical test, and an ANOVA was 
used to compare outcomes between HFC and HBH 
squats. Two-tailed paired t-tests evaluates to the P-
values were used post-hoc to compare the coefficient 

of variation for kinetics and kinematics variables 
between HFC and HBH movements. 
 

 
Figure 1.  Different phase of squat exercise with two 
upper body style (A) hand front of chest (HFC) (top) and 
(B) hand back of head (HBH) (bottom). 

 
RESULTS AND DISCUSSION 
Figure 2 presents kinematics differences between 
two different upper body style of squat; hand front of 
chest (HFC) and hand back of head (HBH). 
Significant results were not observed in kinematics 
variables. Significant changes were evident between 
the two squat variations for the compressive knee 
Force and Moment, while it cannot be seen 
noteworthy difference in knee angle (figures 3). One 
of the most important differences between HBH and 
HFC is the location of Center of Mass (COM), which 
in HFC is more front of body than that of HBH 
(Barnamehei, Kharazi, & Barnamehei, 2017). 
Therefore, COM can affect the force on knee, 



because it affects the balance of the athlete. More 
specifically, the HBH squat resulted in higher 
average maximum force on the knee in mediolateral 
and anteroposterior between 40 and 60 percent of 
movement than the HFC squat. The reason of this 
difference can be the more balance that athletic has 
during HBH. Average maximum knee joint moments 
were positive in all instances.   

 
Figure 2.  kinematics comparison between HBH (green) 
and HFC (red) squats. 

 
 
 
 
 

 
 
Figure 3.  Kinetics (force and moment) comparison 
between HBH (green) and HFC (red) squats. 
 
CONCLUSIONS 
The purpose of this study was to examine changes in 
motor control resulting from mediolateral, 
anteroposterior and vertical knee displacement 
during HBH squat and HFC squat. It seems the 
positions of hands during the squat is what accounts 
for the decrease vertical force and increase vertical 
moment on knee. This information suggests that 
HFC squats could be advantageous for people with 
knee problems and for general long-term joint health 
as the force on knee will be decreased because of the 
relocation of COM which can be effective on 
spreading the force on the body. HFC squats could 
also be useful for individuals with shoulder problems 
that limit their range of motion, making it hard to grip 
their head during the regular HBH squat. 
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INTRODUCTION 
The preferred transition speed (PTS) between 
walking and running is slower than the 
energetic optimal transition speed (EOTS) on 
flat terrain [2]. Many hypotheses have been 
proposed for the discrepancy and what 
triggers gait transition if not energetic cost 
[3].  PTS and EOTS are slower on inclines 
[4], but the gait transition trigger on inclines 
remains unknown.  Our goals were to 
determine: 1) how EOTS and PTS compare 
at inclines that are relevant to trail and 
mountain runners and 2) if the heart rate 
optimal transition speed (HROTS) could 
predict either the EOTS or PTS. 
 
METHODS 
Ten healthy, high-caliber, male trail runners 
participated. On day 1, data for 0° and 15° 
were collected and day 2, 5° and 10°. PTS 
was determined by averaging the run-to-
walk transition speed (RWTS) and walk-to-
run transition speed (WRTS) using an 
incremental protocol.  EOTS was 
determined from metabolic cost data for 
walking and running at three or four speeds 
per incline near the expected EOTS.   The 
intersection of the walking and running 
linear regression equations defined EOTS. 
HROTS was determined using the same 
linear regression procedure. 
 

Figure 1: Example of HROTS determination for one 
subject. 

 
We performed statistical tests in RStudio, 
analyzing how PTS, EOTS, and HROTS 
changed with incline. Further we performed 
statistical tests comparing the PTS, EOTS, 
and HROTS at each incline. 
 

RESULTS AND DISCUSSION 
PTS, EOTS, and HROTS all were slower on 
steeper inclines.  
 

  
Figure 2: Average PTS, EOTS, and HROTS for each 
incline. 
 
PTS was slower than EOTS at 0°, 5°, and 10°, 
but the two converged at 15°.  HROTS was 
not a strong predictor of EOTS or PTS. 
Differences in the respiratory exchange ratio 
(RER) between gaits should be investigated 
further to determine if the trigger for gait 
selection on inclined terrain could involve 
metabolic substrate optimization [1].  Future 
research exploring if any biomechanical 
parameters trigger gait transition on inclines 
should also be investigated.   
 

CONCLUSION 
Gait transition speeds are slower on steeper 
inclines.  Heart rate is not a useful predictor 
of EOTS. Determining what triggers gait 
transition on inclined terrain is an important 
area of future research for trail and mountain 
runners. 
 
  

HROTS 

https://www.colorado.edu/iphy/research/locomotion-laboratory
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INTRODUCTION 
Each year between 700,000 and 1,000,000 patient 
falls occur in U.S. hospitals, with 33% resulting in 
injury [1]. Most efforts directed at reducing patient
falls have focused on bed alarms, monitoring, and 
education to raise awareness. Longer term 
interventions have focused on exercise and balance 
training [1]. Based on fall incident reports, aspects in 
room design and environment have been identified 
as extrinsic risk factors for falls [2]. The limited 
research related to fall risk and room design has 
focused on individual factors such as flooring, and 
lighting [3, 4] often missing the complex interactions 
between the patient and environment.  

The purpose of our survey was to get an initial 
comprehensive understanding of how object 
characteristics influence patient safety and stability 
during ambulation. 
 
METHODS 
In this IRB approved [00099410] study 47 healthcare 
professionals completed our voluntary online survey. 
Study data were collected and managed using 
REDCap electronic data capture tools hosted at the 
University of Utah [5,6]. In order to participate in the 
survey respondents must have interacted with 
mobility impaired individuals in a place of 
employment in the last 5 years. All potential 
respondents were recruited by email. Respondents 
self-reported their profession (Figure 1), and the 
frequency of assistance or observation with patient’s 
ambulation. Majority of respondents (40.4%) 
reported always  working with patients, 23.4% 
reported working with patients often , 31.9% 
sometimes  worked with patients and 4.3% rarely  

worked with patients.  
 
The survey presented 5 scenarios in which mobility 
impaired individuals ambulated without assistive 
devices described below: 

1. Proactively seeking out objects for support 
during walking (PW)

2. Reaching for objects after becoming unstable 
during walking (RW) 

3. Proactively seeking out objects for support 
during a 180-degree turn (PT) 

4. Reaching for objects after becoming unstable
during a 180-degree turn (RT) 

5. Completing a sit-stand-sit (STS) 

For each scenario, respondents were asked to assign 
a score between 1 (low) and 5 (high) to the level of 
influence an object characteristic has on a patient’s 
safety and stability during each scenario.  Object 
characteristics were grouped into general 
characteristics (Height, Movability, Grasp-ability) 
and sub-characteristics (Compliance of Surface 
(COS), Resistance to Movement (RTM), Type of 
Grasp (TOG), Smoothness of Grasp (SOG), Seat-pan 
Height (SH), Armrest/rail Height(AH) and Backrest 
Height (BH)).  
 
Wilcoxon signed-rank test, with an alpha of 0.05 was 
used to compare scores between characteristics. Only 
variables in the same group were compared.  

 
Figure 1.  Distribution of healthcare professions among survey 
respondents.  



RESULTS AND DISCUSSION 
Based on the preliminary results, Wilcox signed-rank 
test showed no significant difference between 
Height/Grasp-ability, Height/Movability, and Grasp-
ability/Movability for PW, RW, PT, and RT, 
suggesting that Height, Movability and Grasp-ability 
characteristics are equally important for tasks 
involving gait. 
 
For STS, the Wilcox signed-rank test indicated that 
Movability (4.43 ± 0.74) and Height (4.26 ± 0.79) 
were significantly different than Grasp-ability (3.38 
± 1.15), p < .01, suggesting that Movability and 
Height are more influential in providing safety and 
stability than Grasp-ability. Additionally, the SH 
(4.51 ± 0.66) and AH (4.14 ± 0.75) ratings were 
significantly different from BH (2.83 ± 1.17), p < 
.001, and SH was also statistically different from 
AH, p < .01. Therefore, SH may be the most 
important characteristic contributing to a mobility 
impaired patient’s safety and stability during STS. 
 
For all scenarios TOG was statistically different than 
SOG, p < .01, and RTM was significantly different 
from COS, p < .001. Therefore TOG, and RTM may 
be more influential in providing safety and stability 
than SOG and COS respectively.   
 
CONCLUSION 
Based on the preliminary results there appears to be 
a consistent trend in ratings across walking and 
turning scenarios (PW, RW, PT, RT), suggesting that 
tasks involving gait require similar object 
characteristic for safety and stability. Tasks 
involving sitting, may require slightly different 
object characteristics.  
 
The results from this survey will provide valuable 
insight into the way health care professionals 
perceive how different object characteristics 
influence the safety and stability of a mobility 

impaired patient. This insight will provide a starting 
point for further research into object characteristics, 
and their influence on safety and stability during 
ambulation. These data may also impact the future of 
fall prevention research, shifting the focus more 
towards room design. Data collection for the survey 
will continue until 100 responses have been 
achieved.  
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INTRODUCTION 
 
Anxiety is known to have a negative effect on 
balance control [1]. For example, individuals 
exhibiting a fear of heights demonstrate less effective 
balance control strategies when standing on an 
elevated platform (e.g., increasing sway amplitude, 
leaning away from the direction of perceived 
postural threat) [2]. Moreover, mobility-related 
anxiety- typically measured with self-report 
measures- is a strong indicator of fall risk in older 
adults (OA) [1]. OA demonstrate less effective 
postural control when trying to maintain balance in 
anxiogenic settings [3]. One method used by healthy 
populations to maintain balance is to confine center 
of pressure to a smaller space using a stiffening-ankle 
strategy [1]. Yet, it is unknown whether balance 
control mechanisms are adjusted based on the 
direction of perceived postural threat, particularly 
because the majority of impairments due to falls 
occur during non-linear movements (ie. turning) [4]. 
 
Balance control strategies are influenced by the 
orientation and mechanics of standing balance [4-5]. 
However, the degree to which young adults (YA) and 
OA modify postural control based on the direction of 
postural threat remains unclear. Such data, alongside 
objective physiological measures of anxiety, would 
provide theoretical and practical value for 
understanding whether individuals adapt postural 
control strategies specific to the location of balance 
threats or adopt global stiffening strategies. 
Capitalizing on the growing use of virtual reality 
(VR) environments for safely inducing mobility-
related anxiety, we examined age-related changes in 
balance control and physiological arousal while 
participants were exposed to virtual postural threats 
in different orientations to standing position. 

 
METHODS 
 
Altogether, eight YA (mean age: 29.8 + 8.4 years) 
and eleven OA (63.4 + 5.4 years) completed a state-
trait anxiety inventory (STAI) and stood on a real-
world walking path (0.40 m x 2.2 m) matched to a 
virtual path. Participants were instructed to stand 
quietly for 30-seconds with their feet together in the 
middle of the walking path while oriented in two 
configurations: facing parallel to the path (i.e., threat 
oriented mediolaterally) and facing perpendicular 
(i.e., threat oriented anteroposteriorly). The height of 
the platform was also presented at two elevations: 
simulated ground level (low) and simulated 15 m 
above ground (high). 
 
Postural sway was measured using an inertial sensor 
(Opal v2, APDM Inc.) placed at approximate lumbar 
spine to record tri-axial accelerations. Heart rate was 
recorded using a wrist-worn monitor (Polar M430, 
PolarFlow), and heart rate coefficient of variability 
(HR CV) was calculated to assess physiological 
arousal response. Balance control strategy was 
quantified as the ratio of root-mean-square (RMS) of 
acceleration in both mediolateral (ML) and 
anteroposterior (AP) directions. Arousal and balance 
outcomes were compared across Age (YA, OA), 
Height (Low, High) and threat Direction (Parallel, 
Perpendicular). Data were analyzed in R, using linear 
mixed-effect regression [6] to assess fully- factorial 
effects. State and trait anxiety (STAI) were compared 
across age groups using an independent t-test. The 
Type 1 error rate was set to α = 0.05. 
 
RESULTS AND DISCUSSION 
 
All statistical assumptions were supported by the 
distribution of residuals. No significant differences 
in state (p = 0.30) or trait (p = 0.07) anxiety scores 



were documented between YA and OA. A main 
effect of age indicated that OA had significantly 
greater HR CV compared to YA, across low and high 
elevation (β = 15.34, p < 0.01). Balance control 
strategy did not significantly differ by Age (p = 
0.67), Height (p = 0.45), or Direction (p = 0.11). 
Additionally, no significant interactions were 
documented for Age * Height (p = 0.33), Age * 
Direction (p = 0.54), Height * Direction (p=0.34) or 
Age * Height * Direction (p=0.99). 
 
We investigated age-related differences in 
physiological responses to postural threat and 
examined whether balance control and arousal 
differed based on the direction of threat. While age-
related differences in postural control strategy were 
not documented in the current investigation, we were 
able to display the feasibility of inducing mobility-
related anxiety within a virtual space for OA from 
measures of arousal. Quantifying postural sway 
strategies rather than simply the magnitude of RMS, 
revealed that participants sway proportionally in the 
ML direction relative to the AP direction, regardless 
of age or direction of postural threat. 
 
Increased HR CV in our OA sample encourages 
further investigation of physiological arousal effects 
within VR settings. OA may be less familiar with 
VR, which may explain increased HR variability 
throughout all conditions. Assessing baseline anxiety 
related to the task (both through self-report and 
physiological measures) may help control for these 
effects in future studies.  
 
Postural control strategies did not differ based on age 
or the direction of postural threat, which may be 

explained in part by limitations of the VR 
environment. Participants had virtual objects 
positioned closer during Parallel standing conditions 
compared to Perpendicular conditions [2]; however, 
we allowed for natural gaze behavior which could 
have been used to control balance (i.e., staring at feet, 
avoiding looking over the edge at high elevation). In 
the future, researchers should seek to quantify visual 
gaze to better understand how attentional control 
might regulate anxiety within threatening situations. 
 
CONCLUSIONS 
 
We recommend further investigations of age-related 
differences in postural control strategies specific to 
the direction of threat. Measuring baseline sway 
parameters and general attitudes toward VR may 
further inform the feasibility of using this technology 
to safely investigate anxiety-induced postural 
control. Future work may also benefit if sway is 
defined using eigenvalues and vectors rather than 
isolated magnitude of postural control responses to 
threat to inform us of the strategies used by YA and 
OA to maintain balance when postural threats differ. 
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Introduction 
During the single support phase of level ground walking, the 
body can be modelled as an inverted pendulum that conserves 
kinetic and potential energy. During double support, the leg 
muscles must generate and dissipate work to retain walking 
speed [1]. When walking uphill and downhill, the muscle 
activity of the legs changes to accommodate a net increase or 
decrease in gravitational potential energy. 
 
People with a transtibial amputation typically use an energy 
storage and return (ESAR) prosthetic foot to walk. This type of 
prosthesis acts like a spring but cannot produce net positive 
work or power. Thus, a biomimetic powered ankle-foot 
prosthesis has been developed that includes an ESAR prosthetic 
foot and a battery-powered motor to mimic an ankle. Though 
previous studies have noted compensatory leg muscle activity 
in people with an amputation using an ESAR prosthesis, it is 
unclear how leg muscle activity changes with use of a powered 
prosthesis [2]. Thus, we measured leg muscle activity during 
walking on level, uphill and downhill slopes when people with 
a transtibial amputation used an ESAR and powered prosthesis. 
We hypothesized that use of a powered prosthesis would reduce 
leg muscle activity for the affected leg (AL) and unaffected leg 
(UL) compared to use of an ESAR prosthesis. 
 
Methods 
Ten subjects (4 F; 6 M) with a transtibial amputation walked on 
a force measuring treadmill (Bertec, Columbus, OH) at 1.25 
m/s using their own ESAR prosthesis and the BiOM powered 
prosthesis (BiOM, Ottobock, Duderstadt, Germany). Each 
subject walked on slopes of 0°, ±3°, ±6°, and ±9° while we 
measured muscle activity (Noraxon, Scottsdale, AZ) from the 
biceps femoris (BF), gluteus maximus (Gmax), gluteus medius 
(Gmed), rectus femoris (RF), and vastus lateralis (VL) of both 
legs and the lateral gastrocnemius (LG), soleus (Sol), and 
tibialis anterior (TA) of the UL. 
 
We band-pass filtered (10-499 Hz) raw electromyography 
(EMG) data using a 4th order Butterworth filter. Then, we 
rectified, low-pass filtered using a 4th order Butterworth filter 
with a 10 Hz cutoff, and integrated EMG (iEMG) data over a 
stride. We determined a stride from a 20 N vertical ground 
reaction force threshold and analyzed 10 strides for each leg. 
We normalized iEMG for each muscle and leg to the same 
muscle’s iEMG during level ground walking with the ESAR 
prosthesis. All analyses were done using custom Matlab scripts 
(Mathworks, Natick, MA)  
 
We used two-way repeated measures ANOVAs to determine 
the effect of slope and prosthetic design on iEMG and 
specifically compared iEMG for the BF, VL, and LG to assess 

muscle activity with muscles that perform different tasks: hip 
extension, knee extension, and ankle dorsiflexion. 

 
Results and Discussion 
The iEMG of every muscle increased with slope when subjects 
walked using an ESAR and BiOM prosthesis with the exception 
of VL and RF. VL and RF iEMG increased with the magnitude 
of the slope (Fig. 1). Throughout all tests, the main effect of 
prosthetic design on iEMG for both legs and all muscles was 
not significant (p ≥ 0.301). Therefore, we reject our hypothesis 
that use of the BiOM would reduce iEMG compared to use of 
an ESAR prosthesis during walking on level ground and slopes. 
The main effect of slope on iEMG was significant for the BF, 
VL, and LG (p ≤0.0002).  
 

Figure 1. Mean normalized iEMG of the Biceps Femoris, Vastus 
Lateralis, and Lateral Gastrocnemius of the affected leg (AL) and 
unaffected leg (UL) during walking on slopes of -9°, 0°, and 9° while 
subjects used a powered prosthesis (BiOM) or an energy storage and 
return prosthesis (ESAR). Error bars are standard error. 
 
Significance 
We found that use of a powered prosthesis did not significantly 
change the iEMG during walking on level ground and slopes 
compared to use of a passive-elastic prosthesis for the BF, VL, 
and LG. Future research is planned to explore how use of a 
powered prosthesis affects leg muscle activity magnitude and 
timing. 
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Background/Objective: A distal femoral extension osteotomy (DFEO) is often indicated to restore 

extension to the knee joint in patients with crouch gait secondary to spastic cerebral palsy. Due to the 

proximity of a plate to the distal femoral physis (growth plate), there is a risk of inducing growth arrest 

that can result in coronal plane angular deformity. The purpose of this study was to (1) assess the extent 

of any coronal plane angular deformity that developed secondary to surgery and (2) determine if 

distance between the osteotomy and distal femoral physis influenced the severity of deformity.  

Methods: 78 limbs from 48 subjects were included for this retrospective study. Anatomic lateral distal 

femoral angles (aLDFA) and distance between hardware and distal femoral physis were measured from 

radiographs pre-operatively and at final follow-up up to 36 months following surgery and analyzed using 

linear mixed model regressions. 

Results: aLDFA measurements progressed towards valgus alignment during the 36 months following 

surgery (-0.77° per year, p=0.0021). This effect was more significant for younger subjects (estimated -

5.08° per year for an 8-year-old subject, p=0.0016). No subjects required a revision procedure to correct 

angular deformity. Although not statistically significant, plates closer to the physis were associated with 

an increase in valgus alignment (-0.06° change in aLDFA for every 1 mm decrease in distance, p=0.4169). 

Conclusions: A DFEO does not induce clinically significant distal femoral coronal plane abnormalities 

requiring surgical correction. Age at time of surgery is an important factor to consider when assessing 

risk of valgus progression following DFEO. Prompt hardware removal is recommended to reduce the risk 

of developing an angular deformity. 



Significance: DFEO is an effective procedure to correct crouch gait in children with cerebral palsy. 

Surgery in skeletally immature patients is safe coupled with prompt hardware removal but younger 

patients should be closely monitored for secondary complications.   

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Examples of radiographic measures. A) Anatomical lateral distal femoral angle (aLDFA)  

B) Distance from hardware to distal femoral physis. 
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Figure 2. Change in aLDFA at final 
follow-up as function of time post-

DFEO. 

 

Figure 3. Change in aLDFA as a 
function of distance between the 

distal femoral physis and the blade 
plate. 
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INTRODUCTION 
Long periods of sitting have been associated with an 
increased risk of premature mortality [1] yet 
American adults still spend an average of 6.4 
hours/day seated [2].  In response to this, many 
companies have adopted standing desks (STNDs) in 
the workplace in attempts to combat the fear that 
sitting is the new smoking. STNDs are suggested to 
promote employee health, decrease sedentarism, 
and reduce musculoskeletal ailments [3]. While the 
implementation of STNDs is growing exponentially 
in the workplace, the minutiae of STND use and 
interactions with employee health, work habits, and 
activity levels is still unclear. 
 
Furthermore, to elicit positive effects on employee 
health, the activity levels of people who use STNDs 
over the long-term should increase. While one 
would posit that the additional option of standing at 
the workplace would increase activity level, there is 
limited data on these effects [3].  People may 
become stagnant in their standing position, grow 
reluctant to use their standing feature, or suffer an 
injury that decreases their willingness to use their 
standing position. STND users may also become 
less active outside of work due to increased standing 
time and perceived increased activity levels at work 
[3]. Whether or not STND use actually increases the 
activity level in office workers is unknown, and 
further research needs to be done to definitively 
prove changes in activity level.  
 
The purpose of this study was to investigate whether 
those who use a STND are more active than those 
who use a sitting (SIT) office desk. Our hypothesis 
was that those who use a STND would expend more 
energy, stand more and for longer periods of time, 
and have more sit to stand transitions than those 
with a SIT desk. 
 
METHODS  
Participants were a convenience sample recruited 
using fliers and word-of-mouth.  All participants 

were ages 19-70 years, employed in an office 
setting, had access to a STND or a SIT desk as their 
primary work station, and worked at least 32 hours 
per week. 
  
ActivPAL3 (PAL Technologies Ltd) activity 
monitors were used to measure activity levels. The 
activity monitors have accelerometers that are 
sensitive to position and log position data to 
memory storage. The monitors can distinguish 
between walking, sitting/supine and standing 
positions. ActivPAL has been used in several 
studies and has an excellent inter device reliability 
of (ICC (2,1)>0.99) for step number and cadence 
[4].  
 
Participants provided written informed consent, then 
age, BMI, occupation, and gender identification 
were recorded. ActivPAL3 activity monitors were 
wrapped in waterproofing latex and affixed to 
participants’ anterior thigh with Tegaderm (M3). 
ActivPAL monitors were worn continuously for 7 
consecutive days. The data were uploaded and 
analyzed using ActivPAL software (PALanalysis 
and PALbatch v8.11.2.54) to provide daily totals of 
time spent in different postures and activity level. 
Variables included in this analysis were: metabolic 
equivalents (METS), total stepping time, standing 
time, upright time (stepping time and standing time 
combined), sitting time, lying time, number of steps, 
number of sit to stand transitions, number of sitting 
bouts >30 min, and number of sitting bouts >60 
min. Data were averaged for each variable over the 
7-day wear period for each participant, and 
compared between groups using independent t-tests.  
 
RESULTS AND DISCUSSION 
 
At time of abstract submission, 13 participants have 
completed activity monitoring, and these 
preliminary results are reported here. 5 participants 
used SIT and 8 used STND desks at work.  Of the 
13 participants, 8 were women. SIT participants 



averaged 44 ± 17.8 years old with average BMI = 
23.8 ± 2.0 kg/m2. STND participants averaged 42.5 
± 12.3 years old with BMI = 27.8 ± 5.6 kg/m2. 
There were no significant differences in age or BMI 
between SIT and STND groups.   
 
Summary data for each of the measured variables 
are presented in Table 1. There were no significant 
between group differences on any of the variables.  
 
While there were no significant differences between 
groups with this preliminary data and small sample, 
workers with STND desks appear to sit slightly less 
(419 min) and stand slightly more (278 min) than 
those with SIT desks (458.3 and 234.0 min 
respectively). STND workers also appeared to have 
greater upright time than SIT workers (391 versus 
345 min) and this was driven by standing time as 
stepping times were essentially equivalent (~112 
min) between groups. We expect the high variability 
in the data to decrease and differences may become 
more apparent as our sample size is increased to our 
target of 20 in each group.  
 
These initial findings are interesting as the working 
hypothesis was those who use STND desks would be 
more active than SIT desk users. These current 
findings are limited by the small sample size and may 
change as more participants are included in the study. 
A potential limitation is that this sample has an 
overall very high activity level, which may limit 

generalizability to typical office workers in other 
settings or geographical regions.  
 
 
CONCLUSION 
Our primary question was whether overall activity 
level would differ between office workers using 
STND desks versus those using SIT desks at work. 
Metabolic expenditure, as well as our other 
measures, did not differ between these 2 groups, 
suggesting minimal to no impact of desk type on 
office worker’s overall daily activity.   
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Table 1: Daily averages over 7-days of activity monitoring between SIT and STND desk users.  
 

 SIT 
mean (SD) 

STND 
mean (SD) 

p-value 
(t-test) 

Metabolic Equivalents (METs) 34.03 (1.69) 34.28 (1.08) .76 
Total Stepping Time (min) 111.4 (37.8) 112.6 (33.2) .95 
Standing Time (min) 234.0 (42.7) 277.9 (52.2) .14 
Upright Time (min) 345.4 (71.8) 390.5 (54.0) .22 
Sitting Time (min) 458.3 (183.1) 419.0 (131.8) .66 
Lying Time (min) 571.5 (115.5) 582.7 (96.0) .85 
Total # Steps 9,480 (3,459) 9,387 (2,882) .96 
# Sit to Stand Transitions 47 (16.1) 38.13 (9.45) .23 
# Sitting Bouts > 30 min 3.6 (2.07) 3.38 (1.60) .83 
# Sitting Bouts > 60 min 0.8 (0.84) 0.25 (0.46) .15 
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Summary 
Individuals with multiple sclerosis (MS) exhibit 
impaired movement capabilities, including declines 
in walking ability.  We found that force control of 
lower leg muscles during steady, submaximal 
contractions predicted a significant amount of the 
variance in walking endurance and maximal 
walking speed for individuals with MS.  Similar 
explanatory variables emerged for the walking 
endurance of a sex- and age-matched control, but 
not for their variance in maximal walking speed. 

Introduction 
MS is a demyelinating neurological disorder that 
invariably leads to declines in mobility and 
decreased quality of life.  The disease compromises 
functional connectivity within the central nervous 
system1, including the activation signal sent from 
the spinal cord to muscle2.  Changes in the output 
from the spinal cord can be observed with multi-
channel electrode systems that can identify the 
discharge times of several concurrently active motor 
units from surface EMG recordings3.  It is possible 
to use the information to characterize the quality of 
the control signal during standardized tests, such as 
steady, isometric contractions.  We have found that 
the fluctuations in force during steady contractions 
(force steadiness) can consistently explain 
statistically significant amounts of the variance in 
performance on a number of dynamic tasks4,5. 
The purpose of our study was to compare the 
amount of variance in walking performance that 
could be explained by the functional capabilities of 
lower leg muscles in persons with MS and controls. 
We hypothesized that significant amounts of the 
variance in walking performance would be 
explained by differences in force steadiness for 
individuals with MS, whereas we expected muscle 

strength to be the dominant explanatory variable for 
the control group.   

Methods 
Data from 19 participants with relapsing-remitting 
MS (52 ± 8 yrs, 7 men, 3.6 ± 0.96 PDDS) who had 
mild-to-moderate impairments in walking ability 
were compared with data from 19 sex- and age-
matched controls (52 ± 9 yrs).    

We measured strength and the coefficient of 
variation in force (force steadiness) during steady, 
submaximal (10% and 20% maximum) isometric 
contraction with the plantar flexor and dorsiflexor 
muscles (Figure 1).  High-density EMG recordings 
were obtained for medial gastrocnemius, soleus, and 
tibialis anterior during the steady, submaximal 
contractions.  The EMG data were subsequently 
decomposed into motor unit discharge times and 
used to estimate the variance in common 
modulation of motor unit discharge rates (Q).   

 
Figure 1. A. The experimental setup for measuring 

muscle strength and force steadiness for the dorsiflexors 



(Above) and the plantar flexors (Below) of the right leg.  

High-density grid electrodes were placed over the tibialis 

anterior, medial gastrocnemius, and soleus muscles.  B. 

Participant’s maintained a steady contraction for 30 s 

(10% and 20% maximum).  C. Monopolar signals were 

recorded during submaximal, isometric contractions.  

The high-density grid recordings resulted in bipolar 

electromyographic recordings that were subsequently 

decomposed into motor unit discharge times. D. The 

discharge times of 9 motor units during a steady, 

isometric contraction. 

Participants performed 2 walking tests: 6-min test 
(walking endurance) and 25-ft test (maximal 
walking speed).  Participants walked as quickly but 
as safely as possible during both tests.  The 
outcomes for the two tests were the distance walked 
in 6 min and the distance was recorded (m).  the 
time it took to walk 25 ft  

Results and Discussion 
Four regression models were developed (2 groups x 
2 tests of walking performance), each involving up 
to three variables that showed the strongest 
correlations with walking performance (Figure 2).  
The regression model for the 6-min distance of the 
MS group explained 54% of the variance with two 
predictor variables: force steadiness of the plantar 
flexors at 20% MVC force (partial r = -0.52) and 
force steadiness for the dorsiflexors at 10% MVC 
(partial r = -0.36).  The regression model for the 6-
min distance of the control group explained 36% of 
the variance with two predictor variables force 
steadiness of the dorsiflexors at 20% MVC force; 
partial r = -0.54) and the filtered Q values for the 
plantar flexors (partial r = -0.19).  

The regression model for the time it took the MS 
group to walk 25 ft explained 34% of the variance 
with two predictor variables: force steadiness of the 
plantar flexors at 20% MVC force (partial r = -0.47) 
and force steadiness for the dorsiflexors at 10% 
MVC (partial r = 0.48). The regression model for 
the time it took the control group to walk 25 ft 
explained 56% of the variance with two predictor 
variables: MVC torque for the plantar flexors of the 
non-dominant leg (partial r = -0.49) and MVC 
torque for the dorsiflexors of the dominant leg 
(partial r = -0.39).   

These findings indicate that worse force steadiness 
during the submaximal isometric contractions was 
associated with worse walking performance (less 
walking endurance and slower maximal gait speed) 
in both groups.

 
Figure 2. Regression models for fast-walking speed (top 

row) and walking endurance (bottom row) for the 

participants with MS (left column) and controls (right 

column). 

Conclusions 
The main finding of our study was that moderate 
amounts of the variance in two tests of walking 
performance in persons with MS and control 
participants were explained by measurements 
derived from submaximal, isometric contractions 
with the plantar flexor and dorsiflexor muscles.  
The exception to this general conclusion was that 

the explanatory variables for the fast walking speed 

(25-ft test) performed by the control group were two 

measurements of muscle strength.   
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INTRODUCTION 
The foot is an important part of the body to 
investigate thermoregulatory dynamics in healthy 
human subjects. Understanding how a healthy 
human foot regulates its temperature will provide a 
foundation to study impaired thermoregulation in 
people suffering from diabetes and peripheral artery 
disease (PAD) [1,2]. Because the foot is in constant 
contact with the ground during walking, studying its 
interaction with different surfaces could prove useful 
for accurate temperature data collection in humans 
[1,2]. Previous studies have found that walking 
barefoot on a treadmill caused significant differences 
in plantar surface temperature at four different sites 
on the foot [3]. However, it is unclear whether heat 
was due to the mechanical work done by the foot 
structures or due to the friction caused by the 
treadmill belt. In the latter case, according to 
thermodynamic principles, heat may be transferred 
from the treadmill to the foot, increasing the foot’s 
temperature. The aim of this study was to compare 
foot temperature profiles after barefoot walking on a 
treadmill versus overground, along with comparing 
foot temperature profiles after barefoot walking with 
added mass. We hypothesized that walking barefoot 
on a treadmill will increase the temperature of the 
bottom of the foot more than walking barefoot 
overground. 
 
METHODS 
Nine participants followed similar procedures done 
in a previous study [3]. This study design included 4 
ten-minute walking trials with 2 different added mass 
conditions across 2 different surfaces: treadmill and 
track. Walking speed was controlled at 1.25 m/s on 
both surfaces, where overground walking speed was 
controlled by having the participant follow a 
designated pacer. Participants walked with 2 added 
mass conditions: first, at 0% extra added body mass 

(no weighted vest) and second, at 30% extra added 
body mass (with a weighted vest). The 4 ten-minute 
walking trials were separated into 2 trials of treadmill 
walking and 2 trials of overground walking on an 
indoor track. The order between overgound and 
treadmill trials were randomized. Pre- and post-
walking temperature data of each foot’s plantar 
surface was collected by using a thermal imaging 
camera (FLIR Systems, Wilsonville, Oregon) and 4 
individual points on the foot (Hallux, 1st MTP, 5th 
MTP, and Heel) were collected by using contact 
probes (Extech Instruments, Nashua, New 
Hampshire). At the beginning of each walking trial, 
participants were transported to the designated 
starting point while sitting in a wheelchair with their 
feet raised to avoid any unnecessary heat transfer. 
After treadmill walking, participants were 
transported back to the bench via wheelchair. 
However, after overground walking, participants 
walked back to the bench (the time taken to walk 
towards the bench was included in the ten-minute 
trial). Participants rested for 30 minutes while lying 
supine on the bench before and after walking to 
collect plantar surface temperature data and to cool 
down the foot to near baseline temperatures before 
proceeding to the next trial.  
 
T-tests were used to compare pre- and post-walking 
temperature values with significance at α=0.05. The 
same test was used to compare pre- and post-walking 
temperature changes between different conditions. 
 
RESULTS AND DISCUSSION 
Pre- and post-treadmill walking plantar surface 
temperatures were consistent with the results found 
in previous work [3]. Comparing pre- and post-
walking foot temperatures, the foot temperature 
increase was significantly greater on the treadmill 
compared to overground, including during both 0% 
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added mass (p<0.001) and 30% added mass 
(p<0.001) (See Figure 1B).  
 
Results showed that the temperature of the plantar 
surface of the foot increased when walking barefoot 
on a mechanical treadmill (See Figure 1A). This 
effect can be seen across all four regions that were 
tested on the plantar surface of the foot and is 

amplified in most areas of the plantar surface after 
adding 30% of the subject’s mass. Results also 
showed that walking barefoot overground raised the 
post-walking temperature in the hallux and heel 
regions. In the 1st and 5th MTP regions, the post-
walking temperature decreased. This effect was 
counteracted by the addition of the weighted vest 
during overground walking. 

  

CONCLUSIONS 
Our results suggest that the foot temperature 
response was influenced by the surface of the floor, 
and that carrying added mass increases foot 
temperature regardless of the surface. Overground 
surface should be used to capture true and accurate 
foot temperature measurements while barefoot 
walking.  
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Figure 1: Temperature changes (pre to post walking) in all 4 sites on the foot as well as the average (whole foot) across all 4 walking 

conditions. 
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INTRODUCTION 
 
In many people with amputations of the great toe, the 
loss of the digit results in less efficient gait and 
impaired balance, which can lead to deformation of 
the remaining toes and pain in the hip and lower 
back.  There are currently few options available for 
prosthetic replacement of an amputated great toe, and 
none that fully compensate for the loss of the great 
toe’s role in balance and propulsion. The purpose of 
this study is to design a passive, external, prosthetic 
great toe to address this need. 
 

BACKGROUND 
 
The great toe has a very prominent purpose in 
ambulation.  It is responsible for the final phase in a 
series of events to provide propulsion during gait and 
to transfer body weight, and also provides stability 
[1], aiding in the foot’s role of adapting to uneven 
terrain [2].  The presence of the great toe increases 
the length of the foot that is available to effectively 
bear weight in walking: the toe itself supports about 
a quarter of the body weight during normal gait [3].  
The loss of the digit results in a decrease in this 
effective foot length, which is a significant factor in 
the energetic cost of walking [4].  
  
The great toe is involved in maintaining the 
longitudinal arch of the foot through its participation 
in the windlass mechanism, which passively stiffens 
the arch when the toes are dorsiflexed.  In 1954, J.H. 
Hicks first described the passive action of the toes as 
mimicking the operation of a windlass (Figure 1)[5].  
This process is made possible by the plantar 
aponeurosis, a layer of strong fibrous tissue along the 
plantar surface of the foot that connects the calcaneus 
bone of the heel to the proximal phalanges of the toes 
[6]. When the toes are passively dorsiflexed during 
stance phase by the body weight shifting forward, the 
plantar aponeurosis is wrapped around the plantar 
side of the metatarsal heads, which causes the 

longitudinal arch of the foot to rise and stabilize, 
providing a stiff lever for push-off [7].  The windlass 
mechanism is not the only function responsible for 
maintaining the arch height, as some intrinsic plantar 
muscles and tendons, such as the abductor hallucis, 
have been found to play a role as well [8], but it is 
the most influential passive structure, and the ability 
of this activity to occur with little active muscle 
function makes walking much more metabolically 
efficient.  The action of the windlass mechanism is 
most active at the first ray [7], so when the great toe 
is lost, along with the insertion point of the plantar 
aponeurosis and that of the abductor hallucis (Figure 
2), so is the majority of this function.  

 
Figure 1. Comparison of the combined effect of toe 
dorsiflexion and the tightening of the plantar 
aponeurosis to the action of a windlass, from Hicks’ 
“Mechanics of the foot II. The plantar aponeurosis 
and the arch” [5]. 

 
Figure 2. Three-dimensional model of the foot with 
an amputation through the first metatarsal head. 
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METHODS 
 
A passive, external prosthesis is being designed to 
restore the function that is lost with the amputated 
great toe in terms the effective foot length and the 
stiff longitudinal arch at push-off.  The effective foot 
length is regained by using a stiff material capable of 
bearing a quarter of the body weight and transferring 
the weight effectively to the residual foot as a natural 
great toe would.  The stiffening of the longitudinal 
arch is addressed by using a biomimetic design 
inspired by the windlass mechanism that provides 
stiff support to the arch and causes it to rise when the 
toes are dorsiflexed in the last stages of the stance 
phase.  This dynamic arch stiffness is preferable to a 
permanently high, stiff arch because it provides the 
rigid lever necessary for efficient push-off at that 
stage while preserving the compliance that is needed 
for energy absorption when the foot initially contacts 
the ground. 
 

ONGOING WORK 
 
A prototype is currently being designed that takes the 
form of a shoe insole with a region of foam filling the 
space left by the great toe (Figure 3).  A stiff base 
composed of carbon fiber makes up the frame of the 
prosthesis to provide the rigid structure required for 
efficient push-off.  The foam filler provides cushion 
for the comfort of the amputation site and the 
avoidance of pressure injuries, while keeping the foot 
positioned correctly within the user’s shoe.  Three 
designs are under consideration for a mechanism to 
raise the arch of the insole when the toe region of the 
device is dorsiflexed: 1) a ratchet-style system at the 
intersection of the toe region and midsole that raises 
the arch when torque is applied to the toe region, 2) 
a sole composed of two interlocking pieces that 
connect to form the stiff arch when the toe region is 
dorsiflexed, and 3) an elastic band that pulls tight 
across the midsole area to raise the arch when 
wrapped around the dorsiflexed toe region, similar to 
the plantar aponeurosis function in the windlass 
mechanism. 

 
Figure 3. Preliminary model of toe-filler shoe 
insole frame and a foot with an amputation of the 
great toe. 
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INTRODUCTION 
Single injection femoral nerve blocks or 
continuous femoral nerve catheters are 
commonly used in combination with 
popliteal nerve blocks during anterior 
cruciate ligament reconstruction surgery 
(ACLR).1, 2 Among adults, single injection 
and continuous femoral nerve blocks have 
been associated with decreased quadriceps 
function post-ACLR compared to no 
regional anesthesia.3,4 Understanding 
differences in adolescents’ quadriceps 
function post-ACLR with these regional 
anesthesia techniques may help providers 
determine optimal pain management 
protocols for pediatric patients undergoing 
ACLR. Therefore, the purpose of our study 
was to use isokinetic testing as a 
quantifiable measure of quadriceps and 
hamstring strength to compare differences 
between patients who received either single 
injection or continuous femoral nerve block 
for ACLR. We hypothesized that patients 
with the continuous femoral nerve block 
would demonstrate decreased quadriceps 
function due to their increased dose and 
exposure to local anesthetic.  
 
METHODS 
We retrospectively reviewed medical 
records of patients ages 10-19 years who 
underwent primary ACLR with quadriceps 
tendon – patellar bone autograft performed 
by a single surgeon and post-operative 
isokinetic testing at our institution. Patients 
who underwent previous surgery to either 
leg or who did not complete isokinetic 
testing 5-10 months postoperative were 

excluded from our analysis. Intraoperatively, 
all patients received a single injection 
popliteal nerve block in conjunction with 
either a single injection femoral nerve block 
or a continuous femoral nerve catheter. The 
method of regional anesthesia was 
determined based on the surgery center 
location associated with our multi-site 
institution. At “Location A” patients 
received the continuous femoral nerve 
catheter (FNC group) and at “Location B” 
patients received a single injection femoral 
nerve block (FNB group).  
 
Patients underwent lower-limb isokinetic 
testing through a limited range of flexion 
and extension at three speeds: 60, 180, and 
300 degrees per second. Maximum torque 
percent deficit of the involved leg compared 
to the uninvolved leg were calculated. We 
compared peak torque extensor deficits and 
flexor deficits (the % difference between 
operative and non-operative sides) between 
the FNB and FNC groups using independent 
samples t-tests. We defined statistical 
significance as p < 0.05.  
 
RESULTS 
We analyzed data from 49 patients (FNB, 
n=10; FNC, n=39). No significant 
demographic or injury characteristics were 
identified between groups (Table 1). Peak-
torque extensor deficit at 60 deg/sec and 180 
deg/sec were not significantly different 
between groups (Fig. 1). At 300 deg/sec, 
peak torque extensor deficits were 
significantly greater among the FNB group 
compared to the FNC group (Fig. 1). Peak-



torque flexor deficit was not significantly 
different between groups at 60 and 300 
deg/sec, but there was a significantly greater 
deficit among the FNB group compared to 
the FNC group at 180 deg/sec (Figure 2). 

DISCUSSION AND CONCLUSION 
Continuous nerve blocks provide analgesia 
for 2-3 days and may help decrease 
postoperative pain and promote early 
rehabilitation better than a single injection 
nerve block. We found isokinetic flexor 
strength deficits were smaller among the 
FNC group at 180 deg/sec and extensor 
deficits were also lower among the FNC 
group at 300 deg/sec. Thus, FNCs do not 
appear to cause prolonged inhibition of 
quadriceps function compared to FNBs and 
may be a good option for perioperative pain 
control in adolescent patients undergoing 
ACLR.  
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Figure 1. Peak Torque Extensor 
Percent Deficits 

 
 

Figure 2. Peak Torque Flexor Percent 
Deficits 

 
 
Table 1. Demographic and injury characteristic comparisons between continuous femoral nerve block 
and single-shot femoral nerve block groups. Data presented as means (95% confidence intervals).  
Variable FNC (n=39) FNB (n=10) P value 
Age (years) 16.6 (16.1, 17.1) 16.6 (15.7, 17.6) 0.99 
Sex (female) 25 (64%) 8 (80%) 0.46 
Time since surgery (months) 7.3 (6.7, 7.8) 6.5 (5.5, 7.5) 0.17 
Tourniquet time during surgery 
(minutes) 67.3 (64.6, 69.9) 71.8 (63.0, 80.1) 0.17 

Concomitant meniscus repair 13 (38%) 3 (30%) 0.73
Skeletally mature (based on pre-op 
x-ray) 27 (69%) 7 (70%) 0.99 

Laterality (right limb) 22 (56%) 4 (40%) 0.48 
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INTRODUCTION 
 
When moving from a supine position to a head 
elevated position, blood pressure (BP) and heart rate 
(HR) change in response to position change [1]. 
This increase in BP is due to the increase in 
gravitational force on your blood that occurs when 
you go from a supine position to an elevated 
position [3]. Similarly, rotational velocity can create 
centripetal forces that effect blood flow [3]. An 
inability to maintain cerebral blood flow by 
modulating blood pressure and heart rate based on 
situational demands could lead to symptoms such as 
headache, dizziness, light-headedness.  
 
Our previous results suggested that individuals may 
restrict their turning speed in an effort to minimize 
self-reported symptoms of headache and nausea [4].  
The purpose of this study was to compare indicators 
of autonomic function responsible for maintaining 
blood flow against measures of turning velocity, 
gait speed and postural sway in a mixed sample of 
adults. We suspect that autonomic regulation of 
cerebral blood flow through HR and BP is 
necessary to turn quickly, and that individuals with 
poorer autonomic function will have slower self-
selected speed. Further, we expect the association 
between autonomic function to be greatest with 
turning speed given the effects of rotational velocity 
on centrifugal acceleration of blood with respect to 
the body; we do not expect autonomic function will 
associate as strongly with other somatic motor 
functions such as gait speed or postural sway. 
 
 
METHODS 
 
Seven men ages 24-47 years, and seven women 
ages 23-53 years gave informed written consent and 
participated in this IRB approved study. Participants 
completed a tilt table test (5 minutes supine, 5 

minutes tilted up, 5 minutes return to supine) 
(Figure 1) to assess autonomic function measured 
through mean blood pressure (MBP) and heart rate 
(MHR), and variability in blood pressure (BPCV) 
and heart rate (HRCV). A Nexfin continuous blood 
pressure and heart rate monitor was used to capture 
these measurements.  

  
Figure 1.  Tilt table from supine to elevated position. 
 
The participants separately participated in three 
somatic motor function tasks. One task consisted of 
walking between two lines 6 m apart at their 
preferred walking speed for one minute. A second 
task involved quiet standing for 30 seconds with 
feet together, eyes closed, and hands on their hips. 
All somatic motor tasks were measured using 
wearable sensors (APDM Opals, Portland, OR) 
placed on feet, lumbar, chest, forehead, and left 
wrist. The inertial sensors were used to compute 
measures of average peak turning velocity during 
the one-minute walk, average gait speed during the 
one-minute walk, and the root-mean-square (RMS) 
of postural sway in the mediolateral direction. 
 
Pearson correlation coefficients were used to 
determine the correlation between the autonomic 
measurements and the somatic measurements. 
 
 



RESULTS AND DISCUSSION 
 
Turning velocity had a moderate correlation with 
the change in MHR (Pearson’s r: 0.44), BPCV and 
HRCV (Pearson’s r: 0.49, 0.57) found to have 
moderate correlations. All other relationships were 
found to have low to zero correlation. The somatic 
function tasks performed create different amounts 
of centrifugal force within the body. Of the three 
somatic function tasks, turning velocity creates the 
highest amount of centrifugal force compared to 
gait speed and sway.  

 

Figure 2.  Scatter plots between the change in mean HR 
(Top), and coefficients of variation of HR and BP 
(Bottom) with peak turning velocity. 

Centrifugal force is inertial force that causes objects 
to accelerate away from the center of rotation [5]. 
When our body is rotating and moving, our blood 
accelerates away from the center of our body, 

resulting in a need to increase blood pressure to 
maintain regular blood flow [5].  

These results suggest autonomic function may be 
related to self-selected turning speed, perhaps 
through the baroreflex. The baroreflex is a 
homeostatic mechanism that helps maintain blood 
pressure at constant levels. Thus, it is a contributing 
factor to cardiovascular variability [2]. When our 
body undergoes displacement, such as centrifugal 
force, the baroreflex is activated to counteract the 
extra forces that are being put on our blood and 
therefore increases blood pressure [2].  

If the baroreflex is not functioning properly and 
blood pressure is not increasing when displaced, 
this could lead to an inability for blood pressure to 
adapt to the given somatic function tasks, resulting 
in poor performance of the tasks as individuals may 
be avoiding provoking symptoms of headache or 
nausea. Considering that turning velocity creates the 
highest amount of centrifugal force, this could 
explain why we are seeing the greater correlations 
between these autonomic functions and turning 
velocity compared to the other somatic function 
tasks.  

CONCLUSIONS 
 
Our results suggest that BPCV, HRCV and change 
in MHR have a moderate correlation with self-
selected turning speed, but not with other somatic 
motor outcomes. We suspect this correlation 
reflects subjects limiting self-reported symptoms, 
which may arise if centrifugal forces on blood flow 
exceed the capacity of the autonomic nervous 
system 
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INTRODUCTION 

Sports-related concussion is a mild traumatic brain 
injury (mTBI) that increases risk of new injuries in 
athletes who have been cleared to return-to-play, and 
induces longer symptomology of successive brain 
injuries (e.g. 1).  Although best practice for determining 
clearance for return-to-play includes physical 
examination, cognitive performance, and self-reported 
symptoms, most providers use self-reported symptoms 
alone (see review 2).  As athletes are known to under-
report symptoms, objective behavioral measurement is 
essential for mTBI management 3. However, there are 
known limitations with the objective measures used in 
current practice. Athletes with recent mTBI often 
perform normally on simple objective measures, but 
more complex tasks – including dual task measures (i.e. 
simultaneous motor + cognitive tasks) can detect subtle, 
residual deficits (see review 4). These dual task measures 
may be particularly useful for female athletes who have 
different mTBI sequelae and recovery trajectories 5. et, 
many dual task measures rely on cumbersome, 
expensive laboratory equipment and take substantial 
time to complete.  

To address this, we developed the Dual-Task Screen 
(DTS), which is a brief measure that can be completed 
and scored in less than 10 minutes with portable, low-
cost instruments. Our previous work found that the DTS 
was sensitive to dual task motor costs (i.e. poorer motor 
performance under dual task conditions) in healthy, 
female, adolescent athletes 6.  Here, we evaluated if the 
DTS was sensitive to dual task motor costs in healthy, 
female, young adult athletes. Additionally, by adding a 
single cognitive trial (see Methods), we were able to test 
if the DTS could elicit dual task cognitive costs. Finally, 
to acquire more detailed performance data, we added 
iPods with built-in accelerometers to DTS administration.   
 
METHODS 
Participants 
Sixteen females (average age = 19.63 years) were 
recruited to participate in this study. Primary inclusion 
criteria was regular participation in organized sports 
activities. Participants were excluded if they had a 
sustained concussion in the past 6 months, had a 
significant neurological or psychiatric conditions, had a 
history of moderate or severe TBI, or had orthopedic 
issues that interfered with administration of the DTS. 
Colorado State University IRB approved all study 
procedures.  

Measure – Dual Task Screen (DTS) 
The DTS is comprised of two subtasks: a lower 
extremity (LE) subtask and an upper extremity (UE) 
subtask. Both subtasks require that the participant 
complete a single motor trial, a single cognitive trial, and 
the dual task trial (i.e. simultaneous motor + cognitive).  
Upper Extremity (UE) Subtask 
In the single motor trial, participants were instructed to 
stand 1.5 meters away from a wall and alternate hands 
while throwing and catching a tennis ball. The total 
number of successful catches completed in 30 seconds 
was recorded. In the single 
cognitive trial, participants 
were instructed to serially 
subtract by 7 from a given 
number.  The number of 
successful subtractions 
completed in 30 seconds 
was recorded. The dual task 
trial of the UE subtask 
combined the single motor 
and cognitive trials as 
described above.  
Lower Extremity (LE) subtask 
In the single motor trial, participants were asked to walk 
as quickly as possible for 18 meters and step over 
obstacles that were placed every 4.5 meters. In the single 
cognitive trial, participants were given the same amount 
of time that it took to complete the single motor trial, 
and were instructed to name as many words as possible 
that begin with A  or F (i.e. Verbal Fluency). Number 
of words (with no repetitions) were recorded. The dual 
task trial of the LE subtask combined the single motor 
and cognitive trials as described above. During the 
single motor and dual task trials, 
participants had an iPod affixed 
to each ankle; iPods captured 
our primary outcome of gait 
speed (in meters / second) along 
with: number of total steps, 
average step length (in meters) 
and average step duration (in 
seconds), and average step 
duration variability.  
Statistical Analysis 
Paired t-tests were to evaluate the effect of trial (single 
vs. dual) on our primary outcome measures: total 
catches, total subtractions, gait speed, and verbal 
fluency/number of words.  

Figure 1: UE Subtask  

Figure 2: LE Subtask  



RESULTS 

We observed significant dual task costs on cognitive and 
motor components of the UE subtask and LE subtask.   

 

 
Table 1: Additional Lower Extremity Subtask Results  

Gait Characteristics Single Trial 
Mean (SE) 

Dual Trial 
Mean (SE) 

Number of Total Steps 22.69 (.51) 24.25 (.55) 
Step Length (meters) .44 (.01) .42 (.01) 
Step Duration (secs.) .48 (.05) .52 (.01) 
Step Duration Variability (secs.) .05 (.002) .06 (.005) 

 
Note: There were significant differences in single vs. 
dual task performance on all gait characteristics, p .001.  

DISCUSSION 

Here, we were able to replicate our previous findings 
with healthy, female adolescent athletes6, as we found 
significant dual task motor costs in healthy, female, 
young adult athletes. We also observed significant dual 
task cognitive costs in both the UE and LE subtasks.  
Finally, we observed significant differences in all gait 
characteristics collected with iPod-based accelerometers 
during single vs. dual trials. Importantly, the addition of 
the single cognitive trial to both subtasks and inclusion 
of iPod based accelerometers only added 2-3 minutes to 
DTS administration. Thus, we continue to demonstrate 
that the DTS can elicits dual task costs and can be 
administered in a short amount of time with affordable, 
portable instruments.    
Limitations & Future Directions 
The addition of accelerometers has increased the amount 
of time and expertise needed to score the DTS. Future 
work will seek to expedite this process by developing an 
app that receives and calculates gait characteristic data in 
real time. Additionally, the current sample of 
participants is small and represents female athletes from 
a single university. Future work will expand data 
collection to include additional locations and more 
diverse participant populations. Finally, we have begun 
to compare DTS data from healthy athletes to athletes 
with mTBI, which will allow us to realize the full 
potential of the DTS. We have also started collecting 
neuroimaging during DTS performance to elucidate the 
neural underpinnings of single and dual trial 
performance in healthy athletes and athletes with mTBI.  
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A) Gait Speed: Dual 
task gait speed (M = .84 
m/s.; SE = .04) was 
significantly slower than 
single task gait speed (M 
= .99 m/s, SE = .03),  
 p <. 001.  

B) Verbal Fluency: The 
number of words 
generated during the 
dual task (M=5.31, SE = 
.40) was significantly 
fewer than number of 
words during the single 
task (M=6.31; SE = .46), 
 p =.03. 

Figure 4. Lower Extremity Subtask Results 
 

A) Total Catches: The 
number of successful 
catches completed 
during the dual task (M 
=15.50, SE = 1.05) was 
significantly fewer than 
number of catches in the 
single task (M= 19.38, 
(SE=1.10), p = .001.  

B) Total Subtractions: 
The number of correct 
subtractions during the 
dual task (M=5.75, SE = 
.95) was significantly 
fewer than the number of 
correct subtractions 
during the single task (M 
= 6.99, SE = .91), p = 02. 

 

Figure 3. Upper Extremity Subtask Results 
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INTRODUCTION 

Robotic exoskeletons can reduce metabolic cost in 
healthy individuals or could perhaps restore mobility 
in patients with PAD [1]. PAD is a cardiovascular 
disease manifesting from atherosclerosis of the leg 
arteries. The primary symptom of PAD is 
claudication or pain in the legs during walking that is 
relieved with rest. About 40% of the metabolic cost 
comes from the hip muscles [2].  
Different groups have been developing rigid 
exoskeletons and soft exosuits that assist the hip. 
Assisting at the hip has the advantage that the system 
mass is positioned closed to the center of mass, 
which minimizes the penalty of carrying mass. Soft 
exosuits have the advantage that they allow greater 
freedom of movement. However, soft exosuits often 
cannot apply the same torque magnitudes as rigid 
exoskeletons, and they rely on friction with the skin 
to remain anchored. 
 

METHODS 

We developed a semi-rigid hip exoskeleton for an 
existing actuation system (HuMoTech, Pittsburgh, 
PA, USA). The exoskeleton does not have a rigid 
joint, so it allows full freedom of movement. The 
waist-belt and thigh pieces are semi-rigid. As a 
consequence of this, they do not solely anchor to the 
wearer via friction and compression, but they also 
stay locked on the body as a consequence of the 
moment from the actuation (Figure 1).  
 
 

 

Figure 1: A) The hip exoskeleton setup. The waist belt 
attaches to a person. The two thigh-braces with the 
loadcells (Futek, Irvine, CA, USA), measure the flexion 
and extension moment. B) Semi-rigid anchoring 
mechanism: the semi-rigid waist belt anchors to the waist 
by compression and because it gets stuck when the 
actuation force tries to rotate the belt. C) A soft waist 
waist-belt would only be able to anchor based on 
compression.   

 
We developed a new high-level temporal force-
tracking controller that allows applying a sinusoidal 
extension and flexion moment profile as a function 
of the stride cycle percentage on each leg. The 
timings of heel strikes and toe offs are detected based 
on the vertical ground reaction force (Bertec, 
Columbus, OH, USA) using an adjustable detection 
force threshold [3]. Since it is not possible to predict 
precisely when an ongoing walking step will end, the 
percentage of the step time is estimated based on the 
timing of the most recent heel contact and a moving 
average of a number of previous steps. To measure 
the moment applied to the hip joint, we need to 
measure the lever arms of the flexion and extension 
forces so that we can program sinusoidal desired 
profile versus each percent of the gait cycle.  
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The low-level controller developed by HuMoTech 
communicates with the motor and adjusts its velocity 
to minimize the error between the actual force, which 
is measured with the load cell, and the desired force 
using a closed-loop PID algorithm with configurable 
gains [4]. 
The actuation unit delivers the extension moment. A 
set of antagonistic springs delivers the flexion 
moment. This new design will be tested in 
experiments aimed at developing faster and more 
clinically human-in-the-loop optimization 
algorithms for patients. 
 

RESULTS AND DISCUSSION 

In pilot tests, we have been able to achieve good 
force tracking performance (Figure 2) with errors 
that appear to be within a range of performances of 
similar hip exoskeletons [5].  

 
Figure 2: Desired versus actual moment profile. 
Extension moment is positive, and flexion moment is 
negative. 

To achieve this goal, we adjusted the proportional, 
derivative, and damping gains of the controller. 

 

CONCLUSIONS 

We believe the semi-rigid design can have 
advantages in comfort in patient populations because 
it requires less friction and compression than soft 
exosuits. 
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INTRODUCTION 
 
Resistance training, when performed appropriately, 
may induce many health benefits [1]. One frequently 
used exercise for lower body strength training is the 
squat. The two most common forms of squats are the 
back and front squats. However, inconsistent 
findings have been observed for the differences in 
muscle activation and joint moments between the 
back and front squats [2, 3], while the effects of a 
more anteriorly or posteriorly positioned load on 
squat biomechanics are still unknown. 
 
The purpose of this study was to quantify trunk and 
pelvis angles and low back and lower extremity joint 
moments among different anterior-posterior loaded 
squats with regular and transformer bar (Figure 1). 
Based on the mechanical relationships between the 
load and different joints, it was hypothesized that a 
more anteriorly placed load would result in greater 
low back and hip moments but less knee moments. 
 

 
Figure 1: Left: Olympic barbell. Right: transformer bar. 

METHODS 
 
Twelve males and 12 females were recruited for this 
study (age: 21.8 ± 2.4 years; height: 1.74 ± 0.10 m; 
mass: 72.0 ± 11.8 kg). Participants had experience 
performing regular back and front squats for a 
minimum of 6 months and had been strength training 
at least two times per week for at least 2 h/week with 
no previous spinal surgeries or recent injuries. 
 
The study consisted of two sessions that were 
performed 3-10 days apart. In the first session, 

participants performed the one-repetition maximum 
(1RM) front squat progression with a regular 
Olympic bar. In the second session, participants 
performed six different squat variations (Figure 2): 
back and front squats with a regular bar, back and 
front squats with a transformer bar, and far back 
(cambered) squat and far front (kettlebell) squat with 
a transformer bar. Kinematic data were recorded 
using eight Vicon Bonita 10 cameras with 160 Hz. 
Ground reaction forces were captured using two 
Bertec FP4060 force platforms with 1600 Hz.  
 

 
Figure 2: Squat variations - from left to right: back and 
front squat with a regular bar; back, front, far back and far 
front squat with a transformer bar. 

Participants started with heels hip-width apart and 
performed all squats with 70% of their 1RM of the 
front squat. An elastic band was placed at the 
individual’s parallel squat point, and they were 
instructed to touch the band at the bottom of the 
squat. Additionally, they were instructed to take 2 
seconds for the descent and 2 seconds for the ascent 
of the squat, guided by a metronome. They 
performed one practice and two official trials for 
each squat variation in random order and had a 
minimum of a 1-minute break between trials. 
 
Three-dimensional knee, hip, and low back moments 
were calculated through a bottom-up inverse 
dynamics approach [4]. Trunk, pelvis and thigh 
flexion angles were calculated as the angles between 
the upper trunk, the pelvis, the thigh and the vertical 
axis in the sagittal plane, respectively. Trunk flexion 
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angles, pelvis flexion angles, and knee, hip, and low 
back moments were extracted when the thigh angle 
was at 70° in the ascending phases. Knee and hip 
moments and thigh angles were averaged between 
the left and right sides. The means of the two official 
trials were analyzed using repeated-measures 
analyses of variance (ANOVA), followed by paired 
t-tests (p<0.05 for statistical significance).  
 
RESULTS AND DISCUSSION 
 
Trunk flexion angles were the highest for the 
transformer bar back and far back squat (Table 1). 
The highest pelvis flexion angles were observed for 
the regular back squat, transformer bar back and far 
back squat. Low back moments were the highest for 
the far front squat and the second highest for the 
regular front squat and transformer bar front squat. 
Hip moments were significantly lower for the regular 
bar front squat compared to other squats. Knee 
moments were similar among all squat conditions.  
 
Low back moments were the highest for the far front 
transformer bar squat, which had the most anterior 
load placement, and the lowest for squats with 
posteriorly placed load. Participants compensated for 
the anterior location of the load by decreasing their 
trunk flexion, as participants demonstrated the least 
trunk flexion for the squats with anterior load 
placements. However, it appeared that this decrease 
in trunk flexion did not completely offset the increase 
in the load placement in the anterior direction, 
resulting in increased low back moments.  
 
Similar hip and knee moments were found among all 
squat conditions, except for the regular bar front 
squat. It appeared that with the transformer bar, 
independent of the load placement, participants 
adjusted their trunk and pelvis angles so that the 

weight vector of the load and their upper body would 
pass through a similar point between the hip and knee 
joints as the regular bar back squat. When the load 
was placed anteriorly with a transformer bar, 
participants compensated with decreased trunk 
flexion as well as decreased pelvis flexion or even 
pelvis extension. This compensation was enough to 
offset the anterior placement of the load and resulted 
in similar hip and knee moments. In summary, 
participants utilized a generalized motor control 
pattern to keep lower extremity moments demands 
similar to a regular bar back squat through changing 
trunk and pelvis flexion angles.  
 
CONCLUSIONS 
 
More posterior load on a transformer bar resulted in 
decreased low back moments, increased trunk and 
pelvis flexion angles, and similar hip and knee 
moments compared to squats with more anterior 
load. Changing the load placement does not directly 
affect low back and lower extremity moments as it 
may have been expected because the trunk and pelvis 
angles can be adjusted. A more anterior load 
placement may result in greater low back moments 
while a more posterior load placement has greater 
trunk flexion, which should be taken into 
consideration for people with low back impairments. 
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Table 1: Means (standard deviations) of dependent variables for different squat conditions and p values of analyses of 
variance (ANOVA). BW: body weight; BH: body height; RB: regular bar; TB: transformer bar. 

 

 RB Back 
Squat 

RB Front 
Squat 

TB Back 
Squat 

TB Front 
Squat 

TB Far 
Back Squat 

TB Far 
Front Squat 

P values of 
ANOVA 

Trunk Flexion (°) 38.0 ± 5.8  
BC 

39.7 ± 5.8 
B 

48.0 ± 6.8 
A 

39.0 ± 7.4 
B 

47.8 ± 6.0 
A 

35.7 ± 6.8 
C 

<0.001 

Pelvis Flexion (°) 7.0 ± 8.2 
A  

-1.6 ± 7.4 
C 

6.7 ± 7.8 
A 

1.82 ± 8.0 
B 

7.5 ± 7.9 
A 

-1.1 ± 7.6 
C 

<0.001 

Low-Back Moment 
(Nm/BW/BH) 

0.16 ± 0.02 
C 

0.17 ± 0.03 
B 

0.16 ± 0.03 
C 

0.17 ± 0.03 
B 

0.16 ± 0.03 
C 

0.18 ± 0.03 
A 

<0.001 

Hip Moment 
(Nm/BW/BH) 

0.10 ± 0.01 
A 

0.09 ± 0.01 
B 

0.10 ± 0.02 
A 

0.10 ± 0.01 
A 

0.10 ± 0.02 
A 

0.10 ± 0.02 
A 

<0.001 

Knee Moment 
(Nm/BW/BH) 

-0.07 ± 0.01 
A 

-0.07 ± 0.01 
A 

-0.07 ± 0.01 
A 

-0.07 ± 0.01 
A 

-0.07 ± 0.02 
A 

-0.07 ± 0.02 
A 

0.066 
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INTRODUCTION  
Standing workstations have been shown to 
reduce sitting time at work [1] and decrease 
stress [2] without compromising 
productivity [3]. To maximize workflow, the 
use of a standing desk should complement 
work tasks throughout the day. Knowing 
what type of tasks standing desks are best 
suited for would help promote positive 
standing desk use. Studies have gathered 
subjective data on employee perspectives of 
standing desks, but no clear pattern has 
arisen in employee preference for using 
standing desks for task optimization across 
varied office environments. There is no 
study to date investigating preferred and 
actual employee use of sitting versus 
standing for given tasks. This knowledge 
would help inform recommendations to 
employers, human resource departments, 
and employees to ensure standing desk 
features are used optimally for given tasks. 
Further, the research would help to prevent 
potential standing desk users from quitting 
their attempts due to perceived losses in 
workplace productivity or creativity.  

The purpose of this study was to determine 
which types of tasks workers prefer to 
perform in sitting (SIT) and standing 
(STAND).  A secondary aim was to explore 
discrepancies between preferred desk use 
and actual desk use. Workers were expected 
to report SIT more frequently than they  
prefer. It was also hypothesized that workers 
would express a preference to perform  

creative tasks in STAND and analytical 
tasks in SIT positions.  

METHODS  
Participants were broadly recruited through 
word of mouth and social media. All 
participants were ages 19-70 years old and 
worked in sedentary office jobs. Participants 
were included if they had access to both 
sitting and standing workstations in their 
offices and were employed full-time (>32 
hrs/week).  

Survey creation initiated with polling office 
workers about tasks completed in a common 
work week.  Then, the tasks were coded into 
two over-arching task categories: analytical 
and creative. Sub-categories included 
generative, communicative, rote, novel, 
leisure, and evaluative tasks. The survey 
ultimately included 39 total tasks (20 coded 
as creative and 19 coded as analytical).  
 
QualtricsXM survey software (Provo, UT) 
was used for this study, with no personal 
identifiers collected. Informed consent 
documents were included in the survey, with 
participants explicitly indicating consent to 
participate. 
 
Demographic data included age, industry, 
height, weight, and gender identification. 
Pattern of use information including number 
of hours worked, percentage of time spent 
sitting and standing, number of transitions 
between positions per day, and motivation 
for using a standing desk were also 
collected, but are not presented here. For all 



tasks, participants were asked to indicate 
whether they actually SIT, STAND, 
BOTH/EITHER followed by the same task 
list with participants indicating whether they 
prefer to SIT, STAND, BOTH/EITHER.  

RESULTS AND DISCUSSION  
To date 119 surveys have been completed, 
although data collection is ongoing. 
Participants were 44% women, 55% men 
and 0.08 % non-binary, with an average age 
of 35.9  10.6 years and BMI =24.7   3.6 
kg/m2. The sample is well-educated with 
highest education level achieved being 3.4% 
high school, 57.1% baccalaureate degree, 
26.9% master’s degree, 8.4% terminal 
doctoral degree, and 4.2% professional 
degree. 

For this preliminary analysis, only SIT and 
STAND responses were included with the 
assumption that BOTH/EITHER responses 
did not indicate strong patterns of use or 
preferences. Task-category analysis revealed 
people prefer to STAND for 6/20 creative 
tasks but actually only complete 2 of them 
in standing.  Workers prefer to STAND for 
2/19 analytical tasks but actually complete 
0/19 in standing. 

These findings suggest people actually SIT 
more than STAND for the majority of work 
tasks even with access to a standing 
workstation. Consistent with these findings, 
people report they prefer to SIT more than 
STAND for the majority of work tasks.  

Discrepancies between actual and preferred 
sitting gave credence to the hypothesis that 
people sit more than they prefer. Participants 
reported sitting more than they would prefer 

for the majority of tasks. This discrepancy 
may be explained by the relative assumed 
health literacy of our educated sample. 
Respondants indicated an awareness of the 
negative health implications associated with 
sedentary office work and desire to combat 
them with standing.  

In the same vein, participants reported 
standing less than they would prefer in all 
tasks. Sitting is the established office job 
norm.  If an office worker prefers to stand, 
they might need to innovate a standing 
solution or act outside of the office culture 
to stand during a particular task.  This real or 
perceived barrier may prevent people from 
standing as frequently as they would prefer.  

CONCLUSIONS  
Office workers with standing workstations 
report completing the majority of tasks 
sitting. However, they report preferring to 
stand more than they actually stand, 
especially during creative tasks. Office 
leaders can shift their workplace cultures to 
normalize standing throughout the workday. 
Preliminary survey responses suggest 
holding sitting and standing work in equal 
regard may boost worker autonomy and 
satisfaction, meaningful employer metrics of 
workplace productivity and retention.  
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INTRODUCTION 

Total knee arthroplasty is a surgical intervention that 
can relieve pain and restore function in severely 
disabled knee joints.  Many implant options are used by 
surgeons and can vary widely with different implant 
designs and materials.  One newer, and patient-
preferred, design is the medial-pivot (MP) implant 
which is designed to limit anterior-posterior translation 
in the medial compartment while allowing unrestricted 
translation in the lateral compartment [1], similar to the 
motion of the healthy knee.  However, each MP design 
is unique and validation is required to quantify the in-
vivo kinetics of each implant.              

The purpose of our study was to quantify in-vivo knee-
joint kinematics using high-speed stereo radiography 
(HSSR) in patients who have undergone total knee 
arthroplasty with a cruciate sacrificing MP implant 
(Medtronic, Responsive Orthopedics).       

METHODS 

Five total knee arthroplasty patients (3 women, 68.6 ± 
4.7 yrs) underwent a 3-hour protocol that consisted of 7 
functional tasks in HSSR with maximal voluntary 
contractions (MVCs) at 70 degrees of knee flexion used 
to quantify knee-extensor and knee-flexor strength.  
The 7 functional tasks consisted of a deep-knee lunge, 
chair sit, chair rise, step down, gait, gait with pivot, and 
seated knee extension. 

Patient-specific femoral component and tibial tray sizes, 
and geometries, were oriented in accordance with 
Grood and Suntay decomposition [2] (figure 1A).  
Implant geometries were manually tracked in both 
planes to orient and recreate patient-specific 
movement in 3D space for each task (figure 1B). Medial 
and lateral low points of the femoral component were 

identified as the lowest point relative to the z axis of the 
tibial tray and were used to calculate medial pivot 
during the 7 functional tasks [3].   

 

Figure 1.  (A) Origin location and local coordinate 
system assignment of the femoral component and tibial 
tray in accordance with Grood and Suntay [2] 
decomposition.  (B) Representative image of femoral 
component tracking for high-speed stereo radiography 
(HSSR) post processing.  (C) Respresentative low-point 
kinematics for Subject 1 during chair rise.     

Medial pivot was quantified with linear regression 
models to identify the relationship between knee angle 
and internal/external rotation of the tibial tray for each 



task (figure 1C).  Knee-extensor and -flexor strength was 
normalized to knee-joint torque/body mass (kg) and 
was further characterized by torque deficit 
(agonist/(agonist + antagonist)*100).       

RESULTS AND DISCUSSION 

Associations between knee angle and internal/external 
rotation were calculated for 5 conditions:  1) Chair rise; 
2) Gait; 3) Gait with pivot; 4) Lunge; 5) Knee extension 
(table 1).  Significant associations were identified for 3 
tasks where each degree increase in knee extension was 
associated with a 0.03 (P = 2e-16) degree internal 
rotation in chair rise, a 0.09 (P = 5.7e-5) degree external 
rotation during gait, and a 0.06 (P = 2e-16) degree 
internal rotation in lunge.       

Table 1:  Linear regression models for the association 
between knee extension and internal/external rotation.  

 
Despite the non-significant linear model fit for gait with 
pivot, a 2nd-order polynomial fit was found to be 
significant (coefficient = -0.05 [95% CI:  -0.09 -0.02], P = 
0.00292; coefficient2 = 0.007 [0.002 0.011], P = 0.00938, 
R2 = 0.02302).  This finding indicates that knee angle is 
curvilinearly related to internal/external rotation during 
gait with a pivot, where the non-linear relation is likely 
due to the unique rotational requirements of the task.  
Furthermore, the non-significant association between 
knee angle and internal/external rotation during knee 
extension (table 1) further supports the finding that 

medial-pivoting movement of total knee arthroplasty is 
only present during weight-bearing conditions [4].  

The effects of MP total knee arthroplasty on knee-
extensor and –flexor strength were mixed (table 2).  
Non-normalized knee-extensor torque was 65 ± 16 Nm 
for the operated leg and 65 ± 28 Nm for the non-
operated leg with three patients exhibiting a torque 
deficit in knee extension (table 2).  Similarly, two 
patients exhibited a torque deficit during knee flexion 
with non-normalized torques of 37 ± 11 Nm for the 
operated leg and 41 ± 16 Nm for the non-operated leg 
(table 2).  These mixed torque capabilities were likely 
due to varying levels of post-surgery recovery as well as 
severity of pathology in the non-operated limb.           

CONCLUSIONS 

Weight-bearing activities were found to describe a 
significant association between knee angle and 
internal/external rotation in patients who have 
undergone MP total knee arthroplasty.  These findings 
further support the observation that medial-pivoting 
movement only occurs in weight-bearing activities.  
Additionally, due to patient variability, no consistent 
trend in knee-extensor and –flexor strength was 
identified.   
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 Table 2:  Patient-specific anthropomorphic measures and normalized knee torques.    

 

 

  

 

Linear model     

Activity Coefficient 95% CI R2 p value 

Chair Rise 0.03 [0.03 0.038] 0.1294 <2e-16 

Gait -0.09 [-0.13 -0.05] 0.07272 5.07e-5 

Gait with Pivot -0.03 [-0.06 0.001] 0.007938 0.0607 

Lunge 0.06 [0.06 0.07] 0.2739 < 2e-16 

Knee Extension -0.0004 [-0.005 0.005] 4.15e-5 0.879 

              Knee Extensors Knee Flexors 

ID Age Sex 
Height 
(cm) 

Weight 
(kg) 

Operated 
Leg 

Implant 
Size 

Operated 
(Nm/kg) 

Non-
operated 
(Nm/kg) 

Toque 
Deficit 

Operated 
(Nm/kg) 

Non-
operated 
(Nm/kg) 

Toque 
Deficit 

Patient_01 66 M 173.7 86.5 Left 5 0.78 1.00 43.69 0.60 0.80 42.83 

Patient_02 64 F 159.4 64.7 Right 4 0.75 0.84 47.23 0.58 0.62 48.30 

Patient_03 67 F 163.5 70.3 Left 3 0.72 0.50 59.22 0.61 0.38 61.44 

Patient_04 76 M 180.5 90.7 Right 5 0.97 1.12 46.38 0.26 0.44 37.32 

Patient_05 70 F 174.3 77.3 Right 4 0.91 0.63 59.11 0.36 0.39 48.05 
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INTRODUCTION 
There is a high demand for artificial turf fields (ATFs) 
due to their ability to support many athletes and sports. 
However, they have a finite lifespan based on use, 
quality, weathering, and maintenance [1]. Current (3rd) 
generation ATFs consist of a plastic bladed ‘grass’ 
carpet infilled typically with a base layer of sand 
topped with recycled SBR rubber, commonly called 
“crumb rubber” (CR). As ATFs age, the CR particles 
get smaller and more spherical, increasing compaction 
that makes the fields stiffer and unable to absorb 
impacts [2,3]. There is also some evidence that the CR, 
itself, becomes stiffer with age [4]. This reduces their 
ability to protect athletes, either by not being able to 
absorb impacts effectively or by changes in traction. 
The goal of this investigation was to compare the 
vertical impact properties of isolated samples of older 
CR against those of new CR on the basis of infill mass 
and initial infill depth. It was hypothesized that the old 
CR would have higher impact accelerations compared 
to new CR in both circumstances. 
 
METHODS 
Ten CR samples were taken from distinct locations on 
two older collegiate outdoor fields (5 high-use and 5 
low-use based on ASTM guidelines [5]) and compared 
with one new sample (ambient ground Fine Rubber 
Granulate from Genova USA, Inc. (Beaumont, TX) 
originally sourced from car/truck tires). The older 
fields existed in the mountain west region of the 
United States, a region where high temperature 
fluctuations and high UV radiation occur. Field 1 was 
a 13 years old high use practice field for NCAA and 
Club athletic teams. Field 2 was 10 years old and used 
almost exclusively for football games and pre-game 
practices. All CR was expected to have endured at 
least 10 years of environmental aging and use. 
Samples were sieved and cleaned, removing all sand 
and particles less than 0.60 mm. The five high-use 
samples were blended together to make a single 
sample as were the low-use samples making four total 
older samples (Field 1 High-Use (F1HU), Field 1 
Low-Use (F1LU), Field 2 High-Use (F2HU), Field 2 
Low-Use (F2LU)).  

 
Two conditions (similar mass and similar depth) were 
tested four times for each of the samples, totaling eight 
trials of each old sample. Similarly, the new CR was 
tested four times. The similar mass condition test 
samples were created by measuring out 1.659 kg of CR 
from a source sample of each of ~3x this mass. This 
mass was suggested as the proper amount to leave the 
proper blade reveal in a new installation of 5.7 cm 
monofilament Shaw Sports Turf (Dalton, GA) (verbal 
communication Academy Sports Turf, Englewood, 
CO). CR samples were integrated into a 0.3 x 0.3 m 
test panel. The similar depth condition test samples 
were initially prepared identical to those of the similar 
mass condition. After integrating the 1.659 kg of 
measured CR into the panel, additional mass was 
added to approximately match the average depth of 
1.659 kg of new CR. After each test for both 
conditions, the sample was massed, and the CR was 
remixed with the source sample before measuring out 
a new sample for subsequent tests. Samples of similar 
mass were tested first in random order. Tests of old CR 
at similar depth to the new CR were later performed in 
a random order.  
 
Prior to, and after conducting the three-drop Gmax test 
(Triax, Trenton, NJ) on a prepared sample, the infill 
depth was measured. The Gmax is an ASTM approved 
test for assessing vertical impact on artificial turf [5]. 
Statistically analyzed were the average initial and final 
infill depths, the peak acceleration of the first drop of 
the Gmax, the average peak acceleration of second and 
third drops of the Gmax, and the mass of the infill 
sample after the completion of the test. Statistical 
analyses were performed in IMB SPSS 25 (Armonk, 
NY). Specifically, 1 x 9 ANOVAs were run with LSD 
post-hocs performed if significant main effects were 
found between test conditions. All significance was 
assessed at p<0.05. 
 
RESULTS AND DISCUSSION 
There was a significant main effect in the initial depth 
of the prepared samples (p<0.001) with the new CR 
significantly deeper than all the older samples of 
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similar mass (Figure 1). There was a significant main 
effect in the final depth of the prepared samples 
measured after the three Gmax drops (p<0.001) with 
the new CR final depth average significantly greater 
than any old CR regardless of condition (Figure 1). 
F2HU and F2LU under the similar mass condition also 
had significantly lower final depth averages compared 
to the similar depth condition.  
 

 
Figure 1: The average infill depth prior to and after each series of 
drops with the Gmax. Error bars indicate standard deviation. 

There was a significant main effect in the peak 
acceleration of the first drop (Peak 1) of the Gmax 
(p<0.001) with the new CR, exhibiting significantly 
lower peak accelerations than any of the old CR 
regardless of condition (Figure 2). Additionally, the 
old CR of similar depth to the new CR exhibited 
significantly lower Peak 1 accelerations than the old 
CR of similar mass to the new CR. There was a 
significant main effect in the average peak 
acceleration of the second and third drop (Peak 2,3) of 
the Gmax (p<0.001) with the new CR having 
significantly lower values than any old CR regardless 
of condition (Figure 2). Additionally, the old CR of 
similar depth to the new CR exhibited significantly 
lower Peak 2,3 accelerations than the old CR of similar 
mass to the new CR.  
 

 
Figure 2: Gmax peak acceleration from the first and averaged 2nd 
and 3rd drop. Errors bars indicate standard deviation.  

There was a significant main effect in the final mass 
of the prepared samples measured after the three 
Gmax drops (p<0.001). As expected, the final mass 
measurements of the old CR samples where material 
was added to match the height of the new CR were 
significantly greater than the new CR and original old 
CR samples (p<0.001). 
  
CONCLUSIONS 
This study was unique in comparing old CR to new CR 
in both the similar mass and the similar depth 
conditions. Our results support the initial hypothesis 
that the old CR would have higher impact readings 
under both the similar mass and similar depth 
conditions compared to new CR. These findings 
indicate that CR loses its ability to attenuate impacts 
as it ages, supporting previous findings conducted on 
whole systems [4]. Changes that occur as ATFs age 
can be partially attributed to the changes that occur to 
both CR’s material properties and compaction. We did 
not explore the potential effect that traction may also 
be altered as the CR changes. Alone, or in 
combination, alterations in the CR may be linked to 
reported increases in injuries that occur on older ATFs 
compared to new ATFs [6]. Additional research is 
needed to further explore how these changes might be 
mitigated as the CR wears as well as when it is time to 
replace an ATF and if old CR could be used in a 
mixture with new CR when a new field is installed or 
to help prolong the life of an older field. 
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INTRODUCTION 
Patients diagnosed with diabetes and/or peripheral 
artery disease (PAD) suffer from decreased blood 
flow to their lower limbs, which may contribute to 
the inability to regulate foot temperature that could 
ultimately lead to formation of ulcers [1]. 
Understanding how humans regulate foot 
temperature during or after locomotor activities 
could be a key component to diagnosing and treating 
this symptom of diabetes and PAD. The mechanisms 
that explain foot temperature response during 
walking are currently unclear. Previous studies have 
found that there is a strong positive correlation 
between foot temperature and blood flow during rest 
in healthy populations [2-3]. However, there is no 
work highlighting the role of blood flow in 
temperature regulation during and after walking in 
healthy subjects. Additionally, foot temperature has 
been shown to decrease gradually during recovery 
after walking [4]. Assuming the positive correlation 
between foot temperature and blood flow holds true, 
it is possible that rate of temperature recovery could 
also be influenced by blood flow. 
 
The purpose of this study is to investigate the effect 
of blood flow on foot temperature regulation during 
walking and during rest (after walking). Participants 
will walk and rest under different levels of blood 
flow occlusion while we measure foot temperature at 
four different time intervals: 1) immediately before 
walking, 2) immediately after 10 minutes of walking 
– with and without blood flow occlusion, 3) during 5 
minute of resting – with and without blood flow 
occlusion, and 4) upon release of blood flow 
occlusion. We hypothesize that: 1) immediately after 
walking, the foot temperature increase (relative to 
pre- walking) will be decreased with higher levels of 
blood flow occlusion, 2) during 5 minutes of resting, 
the amount of temperature recovery will be 
decreased with greater levels of blood flow 
occlusion, and 3) upon release of blood flow 

occlusion, the rate of temperature recovery will 
increase after greater levels of blood flow occlusion. 
 

METHODS 
We plan to recruit 25 healthy subjects. Lab shoes and 
socks will be standardized and provided for all 
subjects. There will be three walking conditions in 
randomized order: no occluded blood flow, half 
occluded blood flow, and fully occluded blood flow 
relative to the subjects’ arterial occlusion pressure 
(AOP). Before walking, the subject’s AOP will be 
determined by their systolic blood pressure (SBP) 
and tissue padding coefficient (KTP). AOP will be 
calculated using the equation [SBP + 10]/KTP [5]. 
The subject will rest in a supine position for 20 
minutes to allow the body to equilibrate with the 
room. After 20 minutes have elapsed, a pre-walking 
thermal image will be taken (FLIR Systems, USA). 
This image will serve as a baseline temperature for 
the walking condition. An inflatable tourniquet 
(KAATSU Global, Japan) will be strapped to the 
subject’s right thigh and inflated to either half or full 
AOP upon arrival to the starting point on the track. 
The subject will walk overground for 10 minutes at a 
speed of 1.25 m/s. Speed will be kept constant by a 
pacer walking with the subject. The subject will rest 
after walking with the tourniquet still strapped to the 
thigh, if it was used in that condition. A post-walking 
thermal image will be taken every 30 seconds for 5 
minutes, thereafter, the tourniquet will be deflated. A 
time-lapse will continue for another 5 minutes after 
deflation with images being captured every 30 
seconds. The subject will rest for 20 minutes after the 
time-lapse is complete to allow the body to reach 
equilibrium with the room before the next walking 
condition commences. 
 
Thermal images taken during the protocol will be 
analyzed using a custom written MATLAB script 
(Figure 1). Regions of interest (i.e. hallux, 
metatarsophalangeal (MTP), medial arch, lateral 
arch, and heel) will be identified and analyzed. 



 

Image-based parameters are extracted from these 
regions, such as mean and standard deviation. 
Temperatures of both feet across all three conditions 
will be compared using a two-factor repeated 
measures ANOVA where the two factors are 
occlusion level (no occlusion,  AOP, full AOP) and 
limb (occluded or not occluded). 
 

 
Figure 1: A) An individual foot is identified. B) The 
foot is outlined by the user. C) Regions of interest are 
highlighted and temperature measurements are 
recorded. D) Hallux, MTP, medial arch, lateral arch, 
and heel are highlighted as regions of interest [4]. 
 

RESULTS AND DISCUSSION 
We expect post-walking temperatures of the 
occluded foot to be significantly lower than the post-
walking temperatures of the unoccluded foot. 
Additionally, we expect to see higher rates of 
temperature change during unoccluded rest when 
compared to temperature change in fully occluded 
rest after walking. Furthermore, we expect to see a 
significant increase in the change of foot temperature 
recovery rate upon restoration of blood flow from 
higher levels of blood flow occlusion. We are 
currently in the process of collecting data for this 
study. 
 

 

Figure 2: A comparison of 
post-walking temperatures we 
expect to see at three different 
occlusion levels. Significant 
differences could be seen 
when comparing the occluded 
foot to itself across all three 
conditions. Darker colors 
represent lower temperatures. 

 

 

 

 

 

CONCLUSIONS 
Our findings may help us understand the role of 
blood flow in temperature regulation, as well as gain 
new insights for diagnosis and treatment of 
pathologies reducing blood flow. 
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INTRODUCTION 
An increasing demand for artificial turf surfaces has 
resulted from the versatility they can offer in 
comparison to natural grass. Though available for 
several decades, artificial turf continues to be in 
constant development to enhance athlete 
performance and decrease injury risk. Surface 
compliance and energy exchange (absorption/return) 
are two properties that are often linked. Studies 
suggest that extremes in either direction along the 
compliance spectrum can decrease athlete 
performance and increase lower-limb injury risk [1, 
2]. Components of the artificial turf system can be 
manipulated to alter these properties.  
 
One proposed approach to find a balance between 
maximizing athlete performance and preventing 
injury is to place an energy absorbing shock pad 
underneath the turf. This might allow for increased 
stiffness at the surface while maintaining an ability 
to lower injury risk. The goal of this investigation 
was to assess two artificial turf infill types, the 
standard crumb rubber (CR) and a new, less 
compliant, wood chip prepared over a shock pad.  
We hypothesized that the wood chip infill would 
both increase stability and reduce energy return 
during performance of bilateral drop landings (DL) 
and vertical hops (VH).  
 
METHODS 
Thirty-two collegiate club level or higher athletes (16 
men/16 women) competing in soccer (n=10), 
lacrosse (n=8), ultimate frisbee (n=7), hockey (n=1), 
and rugby (n=6) participated (age = 20.7± 1.8 yrs, 
height = 175 ± 9.4 cm, and mass = 71.3 ± 11.3 kg (M 
± SD)). Each subject performed six acceptable trials 
of a DL and two sets of five consecutive BH (Figure 
1). Each movement was performed on two randomly 
ordered artificial turf systems. The first five trial 
attempts of the DL and both trial attempts for the VH 
were analyzed. Each subject practiced the 

movements during a familiarization visit as well as 
prior to data collection on their second visit. Ground 
reaction forces (GRFs) were collected under each 
foot with two Bertec 4060-10 (Columbus, OH) force 
platforms. Isolated turf/pad samples were cut to the 
size of each platform and conditioned by athlete-use 
prior to collecting research data. Each turf/pad was 
fabricated with a 2.54 cm foam shock-pad 
(PowerBase YSR, Brock USA, Boulder, CO), over 5 
cm Shaw Sports Turf (Calhoun, GA) infilled with a 
sand-based foundation layer, and a top layer of either 
ambient CR infill or the wood chip BrockFILL (BF, 
Brock USA) (Figure 2). 
  

    
 

         
Figure 1 Upper: Drop Landing (DL) – starting and ending in 
an athletic-ready position, subject performs a slight forward hop 
off a 30 cm box, obtaining static stability upon ground contact. 
Lower: Vertical Hop (VH) – five consecutive maximum effort 
hops were performed with the hands on the hips, heels 
remaining off the ground during ground contact.  
 



 
Figure 2. Deconstructed artificial turf system. From left to 
right: PowerBase YSR shock pad, Shaw Sports Turf, silica 
sand-based foundation layer, top layer infill of either crumb 
rubber (top) or BrockFILL (bottom). 
 
Subjects wore their own cleats, tight fitting clothing, 
and a full-body marker set. GRFs were sampled at 
1200 Hz simultaneously with optical motion capture 
at 300 Hz (10 camera, Vicon Nexus, Centennial, 
CO). Inverse dynamics was performed using Vicon’s 
Plug-in-Gait for calculation of joint kinematics and 
kinetics. Custom Matlab code (MathWorks, Natick, 
MA) was used for any additional calculations and the 
extraction of variables.  
 
For the VH, net (combined right and left) peak and 
average vertical GRF, time to peak vertical GRF, 
ground contact time, hop flight time, limb stiffness, 
and peak knee and ankle extensor moments were 
analyzed. For the drop landing, net peak and average 
vertical GRF, time to peak vertical GRF, time to 
stabilization, medial-lateral and anterior-posterior 
sway, peak knee flexion angle, and peak knee 
extensor and adductor moments were analyzed.  The 
five DL were averaged as were the two sets of VH to 
create representative values for each subject.  
Variables were normalized to either bodyweight or 
standing height. After removing extreme outliers, 
comparisons were made by running paired sample T-
tests in IBM SPSS v25 (Armonk, NY) with α=0.05.  

RESULTS AND DISCUSSION 
There were no statistical differences between the two 
surfaces in the DL.  There was only one statistically 
different variable in the VH.  While there was a small 
2.1% increase in flight time on CR (p=0.036), there 
were no differences in the average vertical GRF and 
ground contact time (Table 1). These differences 
would typically be expected, since increases in the 
vertical impulse would lead to greater flight times. 
 
One limitation of this study is that the movements 
analyzed may not be fully reflective of dynamic 
stability and energy absorption/return during more 
explosive movements such as cutting and pivoting 
that are common to sports performed on artificial 
turf.  
 
CONCLUSIONS 
Results indicate that the two artificial turf infill types 
are highly comparable when assessing stability and 
surface energy exchange within a system that 
includes a PowerBase YSR shock pad.  However, 
they are not identical.  It appears that the CR may 
return slightly more energy to the athlete, as 
evidenced by the slightly greater flight times on this 
surface.  Additional research should be performed to 
assess more dynamic movements such as stop jumps, 
cutting, and pivoting. 
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 *Significant difference observed between two artificial turf systems (p<0.05). 

 



CAN A WEARABLE NEUROMUSCULAR DEVICE REPLACE 
NEUROMUSCULAR TRAINING PROGRAMS? 

Sean Higinbotham1,3, Ryan Wexler2,3, Danny Blake3, Justin Hollenbeck3, Dr. Mike Decker1,3 
1.University of Denver, 2.Illinois State University, 3.Rocky Mountain Consortium for Sports 

Research 

INTRODUCTION
Scientific studies have shown female soccer athletes 
to be 3 times more likely to injure their anterior 
cruciate ligament (ACL) than their male 
counterparts and most of these injuries are from a 
non-contact mechanism [1]. The biomechanical 
factors of this phenomenon have been extensively 
studied in a laboratory-based setting, but there has 
been little progress in reducing the incidence of 
ACL injury in young female athletes [2][3]. It is 
plausible, therefore, to suggest that the 
biomechanical improvements noted in a laboratory-
based setting do not directly translate to a field-
based setting. Preventive neuromuscular training 
programs are typically field-based and have been 
shown to be an effective intervention for reducing 
ACL injury risk by improving dynamic, frontal-
plane knee stability [4][5]. However, these 
programs are time consuming and prone to 
compliance and implementation issues [6]. For 
these reasons, researchers have attempted to 
identify the minimum viable training program or 
wearable device that can be studied in the field 
using video cameras to determine their influence on 
movement-related risk factors for ACL injury. 

The aim of this study was to evaluate the 
effectiveness of a wearable neuromuscular device 
(WND) with or without the addition of a field-
based, preventive neuromuscular training program 
on jump-landing risk assessment in young female 
soccer athletes. 

METHODS 

Thirty-nine female soccer players (161.0  6.6 cm; 
49.4 kg  5.9; 13.3  0.5 y) from two different 

teams in a local soccer club volunteered to 
participate in this study. Team 1 (n = 25) performed 
a 6-week, field-based NMT program while wearing 
a WND. The NMT was instructed by a trained 
exercise specialist. The NMT program was divided 
into three, two-week blocks of progressively 
increasing levels of exercise complexity and 
intensity focused on improving the strength and 
activation behavior of the trunk, hip and thigh 
muscles.  

Field-based movement testing was performed in the 
first week before training began (pre-test) and in the 
seventh week upon completion of the NMT 
program (post-test). During testing video cameras 
recorded a jump-landing task in the frontal and 
sagittal planes (Figure 1).  The Landing Error 
Scoring System (LESS) and a novel version of the 
LESS (LESS-RMC) was used to asses movement 
quality related to ACL injury risk. 

  

Team 2 (n=14) wore the WND for an equal amount 
of athletic exposures over 7 weeks but did not 
perform the NMT program. Four different raters 
were recruited to visually score all jump landing 
trials using the two different rating protocols during 
the pre-test and post-test. For each visual 

Figure 1. Frontal and Sagittal views of foot 
contact and full knee flexion evaluated 
using the LESS and LESS-RMC. 



assessment (LESS & LESS-RMC) a repeated 
measures ANOVA was conducted to explore within 
group (test) and between group (team) differences. 

RESULTS AND DISCUSSION 
Repeated measure ANOVA results (Table 1) for the 
LESS score scale indicated a significant within 
factor difference in pretest and post test scores 
Pretest scores for team 1 (6.18  1.68) and team 2 
(6.95  0.94) both saw a significant reduction in 
ACL risk scores to 5.44  1.70 and 6.31  1.75, 
respectively. ANOVA results for the LESS-RMC 
scale also indicated a significant within factor 
difference in pretest and posttests Pretest scores for 
team 1(6.02  1.99) and team 2 (6.49  1.33) both 
saw a significant reduction in ACL risk scores to 
5.10  1.77 and 6.09  1.50, respectively. ANOVA 
results revealed no significant differences between 
team scores for the LESS or LESS-RMC scales. 

CONCLUSIONS 
The results reveal that the NMT program utilized in 
this study had no significant additive effect on the 
visual risk assessment scores for Team 1 compared 
to Team 2, who had no intervention and only wore 
the WND. This suggests that simply wearing a 
neuromuscular device during training may be a less 
evasive and cheaper alternative to a NMT program. 
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Introduction 
The spring mass model can be used to describe the 
mechanics of human running on level ground, where body 
mass is represented as a point mass and the legs are 
represented as massless linear springs [1]. Further, the 
ankle and knee joints can be represented by springs with 
angular stiffness [2] where the ankle generates net positive 
mechanical work and the knee absorbs net negative 
mechanical work during level ground running [3]. 
 
When running uphill, the legs must produce net positive 
work to lift the center of mass (COM) and overcome 
gravity [3], which is largely due to an additional 1.13 J/kg 
of positive work produced primarily by the muscles 
surrounding the hip on a +12° slope at 3 m/s [4]. When 
running 5° downhill, the legs absorb net negative work to 
lower and decelerate the COM [5]. However, the net 
mechanical work of the ankle and knee joints during 
running on slopes has not been systematically measured.  
 
We determined how lower extremity joint stiffness and net 
mechanical work change during running on level-ground 
and uphill and downhill slopes to provide insight into the 
biomechanics of running and inform the design of running 
specific leg prostheses (RSPs). We hypothesized, similar 
to Roberts et al., that the net mechanical work done by the 
ankle and knee would not change across slopes during 
running. 
 
Methods 
20 healthy runners (12 M, 8 F; mean ± SD: age 26.6 ± 6.2 
years; mass 68.7 ± 8.4 kg; height 175.8 ± 8.9 cm) 
participated and provided written informed consent. 
Subjects reported no cardiovascular, pulmonary, or 
neurological disease or disorder, and no musculoskeletal 
injuries.  
 
Participants ran on an instrumented treadmill 
(Treadmetrix, Park City, UT) at -6° and 0° at 3 m/s and +6° 
at 2 m/s. We measured ground reaction forces at 1000 Hz 
and motion at 200 Hz (Vicon, Nexus) from markers placed 
bilaterally on the lower extremity. We used a 20 N 
threshold to determine ground contact and analyzed at least 
15 steps from both legs. Kinematic and kinetic data were 
filtered using a low pass 4th order Butterworth filter with a 
15 Hz cutoff. We calculated joint angles and moments 
during ground contact using Visual 3D (C-Motion, 
Germantown, MD, USA). We used a one-way ANOVA 
and Bonferroni post hoc analysis to determine significant 
differences.   
 
Results and Discussion 
We found that during downhill running, net positive ankle 
work decreased (p<0.01) and during uphill running, net 
positive ankle work had a trend to increase (p=0.25) 
compared to level ground running (Fig. 1). At the knee, the 

magnitude of net negative work increased when running 
downhill (p<0.01) and decreased when running uphill 
(p<0.05). Thus, we reject our hypothesis that net 
mechanical work at the ankle and knee would remain 
unchanged on slopes. 

 
Figure 1.  Net mechanical work at the ankle (A) and knee (B) 
during running at 0° and ±6° for 9 subjects (* = p<0.05). Moment 
versus angle relationships at the ankle (C) and knee (D) during 
running at 0° and ±6° for a representative subject. The area within 
the curve indicates net mechanical work. Positive angles indicate 
dorsiflexion and negative angles indicate plantar flexion for the 
ankle. 0 rad indicates the knee angle in a static position and a 
positive angle indicates knee flexion. * in (C) and (D) indicate 
foot contact and thus the direction of net mechanical work.  
 
Significance 
Our results suggest that when running downhill, a 
prosthetic knee should be capable of absorbing more 
negative work than on level ground. Moreover, 
investigating joint stiffness at different slopes is beneficial 
for understanding how joint mechanics change on slopes 
and can inform prosthetic design. Future work will be 
focused on how the hip contributes to net mechanical work 
on slopes as well as joint stiffness of the ankle, knee and 
hip. 
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INTRODUCTION 
Motion capture is used for clinical gait analysis to 

understand the etiology of gait abnormalities, inform 
treatment decision making, and design new therapeutic 
interventions [1,2]. However, the clinical use of motion 
capture is limited by the need for a large amount of 
space, expensive equipment, and specialized 
technicians. On the other hand, access to the patient 
population may be limited for researchers in 
biomechanics. Thus, making motion capture datasets 
openly available to the research community is crucial 
in minimizing the cost and maximizing the impact of 
gait analysis.  

Currently, there is no motion capture dataset of 
above knee amputees walking at different speeds. An 
individual’s potential for community mobility is rated 
using the Medicare functional classification level (K-
level) and is used by insurance, clinicians, and 
therapists for determining prosthesis selection, care 
coverage, and rehabilitation treatments [3]. This K-
level is determined using clinical outcome tests as well 
as the clinician’s subjective assessment [4]. Gait 
analysis can be used to improve the quantitative 
understanding of the relationship between K-levels and 
biomechanics. In this paper, we present a dataset of 18 
above-knee amputee subjects walking at 5 different 
speeds. This dataset has potential to improve the 
understanding of amputee gait biomechanics, inform 
clinical decision making, and improve the design of 
prosthetic technologies.  

METHODS 
Eighteen individuals with an above-knee 

amputation were enrolled in this study which was 
approved by the University of Utah Institutional 
Review Board. All participants provided written 
informed consent, including written permission to 
release photos and videos of the experiment. Each 
participant was evaluated for their maximum 
comfortable walking speed on a treadmill, and their 
reliance on handrails. This evaluation determined if a 
participant received training on a treadmill, and their 
classification as either a limited community ambulator 
(K2) or full community ambulator (K3). For the K2 and 
K3 classification, a pre-decided set of walking speeds 
were determined around 0.8 m/s, which is the Medicare 

functional classification threshold between K2 and K3 
classification [5]. The K2 speeds were (0.4, 0.5, 0.6, 
0.7, 0.8) m/s and the K3 speeds were (0.6, 0.8, 1.0, 1.2, 
1.4) m/s. There was an even number of participants 
enrolled in both classification groups. The across 
subject averages of patient demographic information 
for each group is shown in Table 1. 

The biomechanics data was collected in a single 
visit using a 10-camera Vicon system and a split-belt 
Bertec Fully Instrumented Treadmill. Standard 
calibration procedures were performed for the capture 
volume following the recommended manufacturer 
instructions. A modified Plug-in-Gait model consisting 
of 67 reflective markers was applied to each 
participant, Figure 1-2. A static, functional, and joint 
center calibration was collected for participant specific 
calibrations. Following both the capture volume and 
the participant calibration, each participant walked at a 
single speed to collect 5 dynamic trials capturing 10 
full strides. Once all dynamic trials were recorded for a 
single speed, the treadmill was stopped, and the 
participant was given time to rest before proceeding to 
the next speed. Participants were encouraged to walk 

  
Figure 1: Participant standing on the instrumented 
dual belt treadmill wearing the modified Plug in Gait 
Model after the participant calibration was completed. 
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without using the handrails and any handrail use was 
noted by the experimenter. 

Pre-processing was performed on the marker 
trajectories and gait events using Vicon Software. A 
low-pass Butterworth filter with a cut-off frequency of 
15 Hz was applied to the force plate data, and a cut-off 
frequency of 6 Hz was applied to the marker trajectory 
data. The kinetics and kinematics were calculated using 
Visual 3D. All raw and processed Vicon data will be 
made publicly available using Figshare. Additionally, 
a MATLAB structure for each participant is included 
consisting of the kinematics and kinetics across all 
speeds. Subject specific information, including 
prosthesis components and patient demographic 
information, is deidentified and provided in the 
Figshare database.  

DISCUSSION 
The high specificity of this patient population has 

limited the amount of biomechanical analyses 
performed, the availability of this biomechanics data, 
and access to this population for large data collections 
such as this. The proposed dataset is a comprehensible 
collection of 18 individuals with a unilateral above 

knee amputation. This dataset can be used to assist 
researchers in performing clinical gait analysis, 
developing rehabilitation techniques, and designing 
new technology. Additionally, this dataset and the 
research performed with it can be used as a new 
resource accessible to clinicians for treatment decision 
making [1] and therapists for selection of appropriate 
therapeutic interventions [2].   
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Figure 2: Modified Plug in Gait model, marker locations and names. Markers used in both the original and modified 
Plug in Gait model are shown in blue. Markers used only in the modified Plug in Gait model are shown in orange 
for tracking and green for static calibration. 

 Table 1: Across-Subject Averages of Patient Demographics in each Group 
Group Age (Yrs) Gender (% M-F) Mass (kg) Height (m) Age of Amputation (Yrs) 
K2  63 ± 9 89% - 11%  97.6 ± 25.6 1.72 ± 0.058 15 ± 19 
K3 40 ±13 78% - 22%  83.6 ± 18.0 1.80 ± 0.11 13 ± 12 
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Introduction 

Femoroacetabular Impingement (FAI) is a 
common condition characterized by over-
coverage of the femoral head by the anterior 
acetabular rim, an aspherical deformity of the 
femoral head, or a combination of the two. 
These conditions are termed pincer, cam, and 
mixed, respectively1,2. The prevalence of 
asymptomatic FAI in children and adoles-
cents has yet to be determined. However, re-
cent studies report 37% to 55% of healthy, 
asymptomatic adults have FAI morphology 
upon radiographic evaluation2. Despite the 
relatively high prevalence of FAI, even in 
asymptomatic individuals, little is understood 
about how FAI morphology affects anatomi-
cal variables and functional outcomes among 
symptomatic and asymptomatic individuals. 

The purpose of the present study was to com-
pare functional outcomes and radiographic 
variables between symptomatic and asymp-
tomatic participants with FAI morphology. 

Methods 

We enrolled 15 participants (80% female) be-
tween the ages of 10 and 25 into our study. 
All participants had radiographic evidence of 
cam, pincer, or mixed FAI. Seven (47%) re-
ported being symptomatic and n=8 (53%) 
were classified as asymptomatic. Sympto-
matic patients were enrolled in the study after 
presenting to a single orthopedic surgeon’s 
clinic with complaints of hip pain and a diag-
nosis of FAI. Asymptomatic patients were re-
cruited in the community through a flier re-
questing healthy volunteers. Subjects under-
went a series of low-dose radiation x-ray im-
aging sequences, if recent images were una-
vailable, and completed the modified Harris 
Hip Score (mHHS)4 and the Hip Outcome 

Score (HOS)- Activities of Daily Living 
(ADL) and Sports Score3.  

Radiographs were measured to find the alpha 
angle and tonnis angle on an AP view, and 
the lateral alpha angle when Dunn lateral 
views were available (n= 14). Cam-type im-
pingement was defined as an alpha angle ≥ 
50° and/or lateral alpha angle ≥ 55°. Pincer-
type impingement was defined as a tonnis an-
gle < 0°. Mixed impingement was classified 
as both an elevated alpha angle and/or lateral 
alpha angle and a decreased tonnis angle. We 
compared categorical outcomes between 
symptomatic and asymptomatic FAI groups 
using Fisher’s exact tests, and continuous 
outcomes between groups using independent 
samples t-tests. We then constructed linear 
regression outcomes to identify the independ-
ent association between group status and 
functional/radiographic outcomes while ad-
justing for the effect of age and sport partici-
pation. 

Results 

The symptomatic FAI group was signifi-
cantly younger (16.6 ± 2.9 years vs. 21.5 ± 
3.4; p=0.01) and a significantly greater pro-
portion reported active participation in sports 
(88% vs. 38%; p=0.03) compared to the 
asymptomatic FAI group. Measures of self-
reported activity level, body size, and injury 
laterality were not significantly different be-
tween groups (p >0.05). We found no signif-
icant differences between groups for diagno-
sis of cam, pincer, or mixed impingement 
(p=0.99) Upon univariable examination, the 
symptomatic FAI group reported signifi-
cantly lower HOS-ADL and HOS-Sports 
Scores than the asymptomatic group (Table 
1). There were no significant differences be-
tween groups for the mHHS on either the left 



or the right hip (p=0.06 and p=0.29, respec-
tively) or for any of the radiographic out-
comes (Table 2). After adjusting for the inde-
pendent effect of age and sports participation, 
being symptomatic was significantly associ-
ated with lower HOS-Sports Scores (β= -
27.6; 95% CI= -43.8, -11.3; p=0.003). 

 

 

 

Radiographic 
Outcome 

Symptomatic 
FAI (n=7) 

Asymptomatic 
FAI (n=8) 

P value 

Left Alpha Angle  44.8 (5.0) 47.3 (5.3) 0.41 

Right Alpha  
Angle  

44.7 (3.9) 43.0 (2.1) 0.32 

Left Tonnis Angle 7.0 (5.0) 8.1 (4.4) 0.66 

Right Tonnis  
Angle 

7.5 (5.2) 8.9 (5.1) 0.63 

Left Lateral Alpha 
Angle 

55.0 (12.1) 59.5 (5.9) 0.38 

Right Lateral  
Alpha Angle 

58.2 (12.7) 58.5 (7.4) 0.96 

 

 

Discussion 

There was a significant association between 
symptomatic patients and lower HOS- Sports 
Score, suggesting radiographic evidence of 
FAI morphology alone does not lead to lim-
ited functional outcomes. Additionally, radi-
ographic outcomes were not associated with 
symptomatic FAI morphology. Despite radi-
ographic similarities to their symptomatic 
counterparts, asymptomatic patients did not 
perceive any significant functional impair-
ment.  

Conclusions 

Radiographic evidence of FAI morphology 
alone is insufficient to predict functional out-
comes. Symptom presentation and functional 
measures should be evaluated in conjunction 
with radiographs when evaluating patients 
with FAI morphology. Future research will 
analyze participants’ gait and functional 
movements using an optical motion capture 
system to identify biomechanical differences 
in patients with symptomatic and asympto-
matic FAI morphology. 
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Functional 
Outcome 

Symptomatic 
FAI (n=7) 

Asymptomatic 
FAI (n=8) 

P value 

HOS-  
Activities of 
Daily Living 
Score 

85.7 (±4.9) 95.1 (±3.2) 0.03 

HOS-  
Sports Score 

64.3 (±11.2) 96.5 (±8.8) <0.001 

Table 2. Radiographic outcomes between symptomatic 
and asymptomatic FAI groups 

Table 1. Functional outcomes between symptomatic and 
asymptomatic FAI groups. Scores are presented as per-
centages. 
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INTRODUCTION 
Riders and industry professionals believe that 
stiff-soled cycling shoes enhance performance by 
increasing power transfer and increasing 
efficiency.  At submaximal levels of exertion, 
these claims have been discredited, as cycling 
shoes with clipless pedals are equally efficient as 
toe clip pedals, flat pedals, and using running 
shoes [1].  However, in maximal sprints, cycling 
shoes facilitate greater mechanical power output 
and faster sprint performance [2] compared to 
very flexible running shoes. 
 
But cycling shoes vary in sole stiffness and here, 
we tested the hypothesis that sprint performance 
would be positively related to sole stiffness. 
 
METHODS 
19 healthy male recreational/competitive cyclists 
completed nine 50 meter outdoor maximal 
cycling sprints.  They approached the sprint at 20 
km/hr and then sprinted up a steady 4.9% grade.  
They rode in three different cycling shoe soles; 
an injection-molded nylon sole (least stiff), a 
carbon fiber blend sole (moderately stiff), and a 
full carbon fiber sole (most stiff) to determine the 
effects of longitudinal bending stiffness on 
cycling sprint performance. 
 
Participants were 30.2 ± 7.7 years old (mean ± 
SD), with body mass of 73.8 ± 7.2 kg, height 
179.0 ± 3.4 cm, wore either European size 43 or 
44 cycling shoes, and could ride a 56 cm frame 
size. Due to the shoe  and frame sizes, all subjects 
were male. The subjects self-reported a minimum 
of four hours of cycling per week, averaging 9.2 
± 3.2 hours and 10.5 ± 6.9 years of road cycling 
experience. 
 

All subjects rode the same road bicycle 
(Specialized Roubaix) equipped with a Quarq 
crank-based mechanical power meter, crank-
mounted cadence sensor and a rear-hub- 
mounted velocity sensor.  The bicycle was 
equipped with the same clipless pedals during all 
experimental tests.  Power, velocity, and cadence 
data were sampled at 64 Hz, but the Garmin 1000 
head unit averaged the collection to 1 Hz. 

Figure 1: The three shoe models tested appeared identical to the 
participants (single-blind). Far left is the carbon fiber blend sole, 
pictured middle is the injection molded nylon sole, and shown at 
right is the full carbon fiber sole.   
 
We imported the raw data from the Garmin 1000 
using Golden Cheetah analytic software 
(www.goldencheetah.org), and we analyzed each 
of the nine sprints using an Excel macro.  Using 
R Studio, we used repeated measures ANOVAs 
to test for any main effects. We ran RMANOVAs 
for 50 meter average and peak 1 second power, 
average change and peak change in velocity, 
average and peak cadence, maximal sprint 
velocity, peak acceleration, and peak crank 
torque (criterion p < 0.05).   
 
We ran three RMANOVAs comparing maximal 
sprint velocities during trials 1 and 2 (p = 0.338), 
2 and 3 (p = 0.908), and 1 and 3 (p = 0.311) to 



confirm there were no learning effects. Riders 
initiated their sprints at similar starting velocities 
in the different shoes (p = 0.886).  
 
RESULTS  
None of the nine performance metrics 
investigated were significantly different across 
the three shoe conditions.  These results are 
summarized in Table 1.   
 
DISCUSSION 
Our study debunks the general belief among 
riders and the cycling industry that the stiffest 
cycling shoe soles enhance performance. Though 
of slightly different experimental design, this 
study is in agreement with Koch et al. [3] - 
increased longitudinal bending stiffness of the 
shoe sole had no effect on performance metrics 
during sprint cycling.   A future study should 
investigate the cycling shoe sole stiffness at 
which sprint performance begins to diminish as 
depicted in Figure 2. 
 
CONCLUSION 
We found no differences in performance between 
the least and most stiff road cycling shoe soles 
during short uphill sprints.  
 

Figure 2: Theoretical graph of sprint performance versus 
longitudinal bending stiffness (not calculated). Note, not to scale. 
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 Injection Molded 
Nylon Sole 

Carbon Fiber Blend 
Sole 

Full Carbon Fiber 
Sole 

RMANOVA P-
Value 

50 m Average Power 
(watts) 880.26 ± 139.53 874.06 ± 159.86 874.26 ± 139.16 0.757 

Peak 1-Second Power 
(watts) 1056.05 ± 173.29 1057.05 ± 181.12 1046.53 ± 162.86 0.385 

Average Change in 
Velocity (m/s) 2.31 ± 0.54 2.38 ± 0.55 2.34 ± 0.46 0.306 

Peak Change in Velocity 
(m/s) 3.91 ± 0.98 3.91 ± 0.97 3.85 ± 0.85 0.661 

Average Cadence (RPM) 93.39 ± 9.85 93.77 ± 10.00 92.97 ± 9.50 0.672 
Peak Cadence (RPM) 104.72 ± 11.95 104.73 ± 11.65 104.30 ± 11.35 0.812 

Maximum Sprint 
Velocity (m/s) 9.80 ± 1.09 9.78 ± 0.97 9.75 ± 0.84 0.889 

Peak Acceleration (m/s2) 1.34 ± 0.29 1.35 ± 0.29 1.32 ± 0.23 0.755 
Peak Torque  

(N-m) 105.05 ± 14.32 104.77 ± 15.30 105.00 ± 15.13 0.951 

Table 1: Summarization of findings.  No findings of significance.  All p > 0.306. 
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Introduction 

The effects of elevated body mass on foot 
mechanics is an important but understudied area 
that may have consequential considerations in the 
study of obesity and load carriage (e.g. military, 
pregnancy, etc.). Elevated body mass has been 
shown to increase vertical plantar pressure [1,2] 
that presumably contributes to: collapsed arch 
height, reduced plantar mechanoreceptor 
sensitivity, postural instability, and altered gait 
mechanics [3,4,5,6,7]. However, increased body 
mass may also affect plantar shear stresses that 
may also be associated with these alterations [7]. 
For example, in obese subjects, shear stresses 
likely contribute to tissue spreading, leading to 
the noted increase in foot contact area [1,2]. In 
addition, while plantar pressures are increased 
with acutely added body mass, foot arch height 
does not change [8], indicating that kinematic 
changes likely occur over time secondary to 
altered pressure and shear stresses. The 
measurement of these shear stresses may help 
better understand the effects of body mass on foot 
mechanics.  
 
The aim of this study is to determine the effects 
of added body mass on plantar shear stresses 
during gait. 
 
Methods 

Eight healthy adults (8 men, 22 ± 3 years, 180 ± 
0.04 cm, 78 ± 7 kg, 24 ± 1 BMI) walked across a 
5.5 m elevated walk-way with a pressure and 
shear sensing system (FootSTEPS, ISSI, inc. OH) 
mounted in the center and level with the walkway 
(Figure 1.B) [9].  
 

 
Figure 1. The walk-way (5.5 meters long). The yellow 
arrow indicates FootSTEPS. 
 
Walking speed was monitored using a laser timer 
placed in the middle of the walk-way. 
Participants walked three times unconstrained to 
calculate mean preferred walking speed. Next, 
Three successful walking trials were recorded 
while the participants walked at their own set 
preferred speed with clean foot placement on the  
FootSTEPS sensing area. If their dominant foot 
was not placed on the force plate clearly and/or 
their walking timing was off (mean time ± 10%), 
the trials were discarded. Walking trials were 
performed with (Vest) and without (No-Vest) 
wearing a weighted vest. The vest weight was 
standardized to 20% of the participants own body 
weight and evenly distributed front to back. To 
minimize learning effects, we randomly arranged 
the order of the weight conditions. 
 
Plantar shear stresses were analyzed using 
custom LabView software. Total anterior, 
posterior, medial, and lateral shear stresses were 
summed separately to create directional forces. 
Plantar tissue spreading was represented by the 
difference between anterior and posterior forces 
(A/P spreading) and between medial and lateral 
(M/L spreading) at the mid-stance transition point 
between braking and propulsion (i.e. when net 



A/P forces are zero). A/P and M/L spreading was 
then compared between conditions with a paired  
t-test (  = 0.05).  
 
Results and Discussion  

The statistical analysis showed significant 
changes in both A/P and M/L spreading as a result 
of the weight condition (Table 1). The Vest 
condition demonstrated higher A/P (P =0.0084) 
and M/L (P = 0.0012) spreading effects in 
comparison to the non-vest condition at the mid-
stance transition point.   
 
M/L shear forces showed consistent spreading 
effects across stance, with Vest causing an 
increased spreading effect throughout. A/P shear 
forces, on the other hand, showed primarily 
unidirectional (i.e. dragging) forces in early and 
late stance, with spreading effects in mid-stance. 
This profile is in the same line with a previous 
study [8]. The Vest condition also markedly 
increased the dragging effects in early and late 
stance, representing greater braking and 
propulsive impulses.  
       
Conclusions 

These results suggest that elevated body weight 
increases plantar tissue shear stress, causing both 
spreading and dragging effects. While this study 
only evaluated acute effects, the results suggest 
that these stresses may be implicated in foot 
morphology breakdown and decreased 
mechanoreceptor sensitivity, both of which may 
contribute to deteriorated postural control and 
gait mechanics. This is particularly relevant to 
those who are obese or consistently carry a heavy 
mass, such as military soldiers, and may be 
exposed to the potential risks of postural 
instability and lower limb injuries. 
 
 
 

 

 
Figure 2. Representative. A/P shear stress (top). M/L 
shear stress (bottom) during stance phase of a gait. 
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Table 1: A/P and M/L plantar spreading at transition point 
during walking.   
 Vest No-vest 

A/P spreading 
(kPa) 32.60 ± 4.90* 

 
28.10 ± 4.93 
 

M/L spreading 
(kPa) 22.27 ± 4.80* 17.20± 3.50 

Values are mean ± SD. *P < 0.05 relative to the No-vest 
condition 
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The effects of elevated body mass on foot 
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shown to increase vertical plantar pressure [1,2] 
that presumably contributes to: collapsed arch 
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mechanics [3,4,5,6,7]. However, increased body 
mass may also affect plantar shear stresses that 
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For example, in obese subjects, shear stresses 
likely contribute to tissue spreading, leading to 
the noted increase in foot contact area [1,2]. In 
addition, while plantar pressures are increased 
with acutely added body mass, foot arch height 
does not change [8], indicating that kinematic 
changes likely occur over time secondary to 
altered pressure and shear stresses. The 
measurement of these shear stresses may help 
better understand the effects of body mass on foot 
mechanics.  
 
The aim of this study is to determine the effects 
of added body mass on plantar shear stresses 
during gait. 
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5.5 m elevated walk-way with a pressure and 
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Figure 1. The walk-way (5.5 meters long). The yellow 
arrow indicates FootSTEPS. 
 
Walking speed was monitored using a laser timer 
placed in the middle of the walk-way. 
Participants walked three times unconstrained to 
calculate mean preferred walking speed. Next, 
Three successful walking trials were recorded 
while the participants walked at their own set 
preferred speed with clean foot placement on the  
FootSTEPS sensing area. If their dominant foot 
was not placed on the force plate clearly and/or 
their walking timing was off (mean time ± 10%), 
the trials were discarded. Walking trials were 
performed with (Vest) and without (No-Vest) 
wearing a weighted vest. The vest weight was 
standardized to 20% of the participants own body 
weight and evenly distributed front to back. To 
minimize learning effects, we randomly arranged 
the order of the weight conditions. 
 
Plantar shear stresses were analyzed using 
custom LabView software. Total anterior, 
posterior, medial, and lateral shear stresses were 
summed separately to create directional forces. 
Plantar tissue spreading was represented by the 
difference between anterior and posterior forces 
(A/P spreading) and between medial and lateral 
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A/P forces are zero). A/P and M/L spreading was 
then compared between conditions with a paired  
t-test (  = 0.05).  
 
Results and Discussion  

The statistical analysis showed significant 
changes in both A/P and M/L spreading as a result 
of the weight condition (Table 1). The Vest 
condition demonstrated higher A/P (P =0.0084) 
and M/L (P = 0.0012) spreading effects in 
comparison to the non-vest condition at the mid-
stance transition point.   
 
In Figure 2, M/L shear forces showed consistent 
spreading effects across stance, with Vest causing 
an increased spreading effect throughout. A/P 
shear forces, on the other hand, showed primarily 
unidirectional (i.e. dragging) forces in early and 
late stance, with spreading effects in mid-stance. 
This profile is in the same line with a previous 
study [8]. The Vest condition also markedly 
increased the dragging effects in early and late 
stance, representing greater braking and 
propulsive impulses.  
       
Conclusions 

These results suggest that elevated body weight 
increases plantar tissue shear stress, causing both 
spreading and dragging effects. While this study 
only evaluated acute effects, the results suggest 
that these stresses may be implicated in foot 
morphology breakdown and decreased 
mechanoreceptor sensitivity, both of which may 
contribute to deteriorated postural control and 
gait mechanics. This is particularly relevant to 
those who are obese or consistently carry a heavy 
mass, such as military soldiers, and may be 
exposed to the potential risks of postural 
instability and lower limb injuries. 
 
 
 

 

 
Figure 2. Representative. A/P shear stress (top). M/L 
shear stress (bottom) during stance phase of a gait. The 
vertical red line represents the transition point. 

Reference
 
1. Hills AP, et al.  journal of the International Association 

for the Study of Obesity. 2001;25(11):1674-1679. 
2. Gravante, et al. Clinical Biomechanics. 

2003;18(8):780-782. 
3. Krishna, H. S, et al. International Journal of 

Information Research and Review. 2018.  
4. Wu X and Madigan ML. Neuroscience letters. 

2014;583:49-54. 
5. Lhomond O, et al. Frontiers in human neuroscience. 

2016;10:318 
6. Messier SP, et al. Journal of applied Biomechanics. 

1996;12(2):161-172. 
7. Morasso PG and Schieppati M. Journal of 

neurophysiology. 1999;82(3):1622-1626. 
8. Kern, A. M, et al. PeerJ, 2019;7, e7487. 
9. Stucke, S, et al. Journal of biomechanics, 45(3), 619-62
10. Goss, L. P, et al. Measurement Science and 

Technology, 2019;31(2), 025701. 

Table 1: A/P and M/L plantar spreading at transition point 
during walking.   
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Multiple sclerosis (MS) is a neurodegenerative disease that compromises the integrity of 

the cortical proprioceptive tract and impairs motor functions, such as walking speed and 
endurance. Among the various therapeutic modalities that can reduce the symptoms stemming 
from reduced motor functionality, transcutaneous electrical nerve stimulation (TENS) has been 
found to improve walking endurance performance in persons with MS.  PURPOSE: The 
purpose of this pilot study was to assess the association between cortical proprioceptive tract 
integrity and TENS-induced change in walking endurance performance in MS. METHODS: 
Seven participants diagnosed with relapse-remitting MS underwent two days of testing. White 
matter microstructural integrity of cortical proprioceptive tracts was evaluated with diffusion 
tensor imaging on day one. Radial diffusivity (RD), an indirect marker of myelination, and 
fractional anisotropy (FA), an indirect measure of tract integrity, were utilized as the primary 
outcome measures. On day two, participants completed two, 6-minute walks (6MW) to assess 
walking endurance, with one hour separating the two trials. Participants wore TENS pads placed 
on the tibialis anterior and quadriceps muscles of their more affected leg during each walk with 
the TENS device attached to their waistband. Stimulation was only applied during the second 
trial, with the intensity raised until it evoked slight muscle contractions. The relative differences 
in the 6MW distances were correlated with the measures of proprioceptive tract microstructural 
integrity. RESULTS: The change in distance walked during minute 6 in the second 6MW test 
relative to the first test were negatively correlated with tract microstructural integrity (FA) (r = -
0.60) and positively correlated with myelin microstructural integrity (RD) (r = 0.65). 
CONCLUSION: Our preliminary data demonstrate an inverse association between poor white 
matter microstructural integrity and TENS-induced improvements in walking endurance. These 
findings indicate that those individuals with poorer white matter integrity in the cortical 
proprioceptive tracts may benefit more from the supplementary sensory feedback elicited by the 
application of TENS. 
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INTRODUCTION 
Multiple sclerosis (MS) is a chronic autoimmune-
mediated disorder of the central nervous system and 
affects up to 1 million people in the United States 
[1]. Functional mobility is a common problem for 
people with MS [2]. Numerous studies have 
evaluated overground walking and demonstrated 
proximal (trunk and pelvis) and lower extremity 
movement compensations [3,4,5,6]. However, there 
is a paucity of evidence on other important aspects 
of functional mobility, including stair climbing, 
which is important for independence and 
community participation [7]. More insights into the 
relationships between movement compensations 
and stair climbing ability would greatly inform 
clinical rehabilitation approaches. Thus, the purpose 
of this study was to: 1) compare trunk and pelvis 
motion and lower extremity joint moments during a 
step-up task in patients with MS and a matched 
control group and 2) identify relationships between 
stair ascent movement patterns and stair ascent time 
in patients with MS.  
 
METHODS 
Twenty patients with MS (16 F, 49±12 y, BMI: 
24.8±5.4 kg/m2, Expanded Disability Status Scale – 
EDSS: 1.5-5.5) and 10 age-matched healthy 
participants (7 F, 48±12 y, 23.7±4.2 kg/m2) were 
enrolled. All participants performed a step-up 
activity (15.2 cm step) during which marker 
trajectories were recorded using an 8-camera 
motion analysis system (Vicon Motion Systems, 
Oxford, UK) at 100 Hz. Participants began by 
standing on a force platform (Bertec, Columbus, 
OH) in front of the step and were instructed to 
ascend and come to rest at the top of the step. Force 
data under the step were simultaneously recorded at 
1200 Hz. A familiarization trial was allowed for 
stepping with each limb to ensure participant safety 
without supervision or use of upper extremity 
support. Three step ascent trials were recorded with 

each limb as the leading limb. Stair ascent 
performance was assessed using ascent time during 
the Functional Stair Test, in which participants were 
instructed to ascent one flight of 4 steps (each 
23.5x76.2x15.2 cm) as quickly and safely as 
possible, using a hand rail as needed [8]. Timing 
began with a “go” command and was stopped when 
both feet reached the top step. Two stair ascent 
trials were performed and the mean used for data 
analysis.  
 
Marker position and force data were filtered at 6 
and 20 Hz, respectively, using a 4th-order, low pass, 
zero-lag Butterworth filter (Visual 3D, C-Motion, 
Inc., Germantown, MD). Moments were calculated 
with an inverse dynamics approach using Cardan 
XYZ angles referencing the distal segment to the 
proximal and normalized to body mass and height. 
Custom MATLAB code was used to extract sagittal 
plane hip, knee, and ankle joint moments and 
sagittal and frontal plane pelvis and trunk 
kinematics from the instant the lead limb contacted 
the step until the trail limb rested on the top of the 
step. Peak joint moments were extracted from the 
three step ascent trials and averaged to result in a 
single result for hip, knee, and ankle of each limb in 
the MS group. Weaker and stronger limbs were 
identified during the EDSS assessment for the MS 
group. A mean of left and right limb values for the 
control group was used for data analysis. Total 
angular excursion was determined for sagittal and 
frontal plane trunk and pelvis segment kinematics 
by subtracting the minimum segment angle from the 
maximum segment angle during the step ascent 
task. 
 
Comparisons between the stronger and weaker limb 
for the MS group were performed using paired 
sample t-tests. Comparisons of both limbs (MS 
group) to the control group were done using 
independent two-sample t-tests. Pearson 



correlations were used to assess relationships 
between stair ascent biomechanical variables and 
stair ascent time. A significance level of alpha 
≤0.05 was used for all statistical tests. 
 
RESULTS AND DISCUSSION 
When leading with the stronger limb during step 
ascent, increased sagittal plane trunk excursion, 
greater peak knee extensor moment, and reduced 
trail limb peak ankle plantar flexor moment were 
observed compared to leading with the weaker limb 
in the MS group. Sagittal plane pelvis and frontal 
plane trunk excursions were greater when leading 
with either limb in the MS group compared to the 
control group, while trail leg peak ankle plantar 
flexor moments were reduced when leading with 
either limb compared to the control group. Sagittal 
and frontal plane pelvis excursions and trail limb 
peak ankle plantar flexion moments were correlated 
with Functional Stair Test time (Table 1).  
  
Consistent with prior studies demonstrating 
quadriceps and ankle plantar flexor muscle 
weakness [9,10], reduced peak joint moments are 
observed at the knee and ankle during step ascent. 
In addition, larger trunk and pelvis excursions when 
leading with both the stronger and weaker limbs 
indicate a potential compensatory movement 
strategy for reduced peak ankle plantar flexor and 
knee extensor moments during step ascent tasks in 

people with MS, regardless of whether the stronger 
or weaker limb is leading the step ascent.  
 
Limitations include the cross-sectional design and 
relatively small sample size. Future studies are 
needed to better understand movement 
compensations during step up tasks and stair 
function in people with MS, with emphasis on 
understanding the mechanistic links between 
proximal compensations and ankle plantar flexor 
muscle use.  
 
CONCLUSIONS 
People with MS ascend a step with larger trunk and 
pelvis excursions, reduced knee extensor moments, 
and reduced trail limb ankle push off compared to 
matched controls. Increased pelvis motion and 
reduced ankle push off are associated with poorer 
stair climb ability and may serve as targets for 
future interventions.  
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Table 1: Between-limb and -group comparisons of angular excursions and joint moments 
during step ascent task and correlations to stair ascent time. 

 
MS Stronger MS Weaker CTL MS Between-limb 

P-value 
CTL vs Stronger 

P-value 
CTL vs Weaker 

P-value 

Correlation 
with Stair 

Ascent Time 

Pelvis Excursion-Sagittal (°) 10.4 ± 4.0 10.1 ± 5.2 5.4 ± 1.8 .834 .001* .009* .607** 
(p<.001) 

Pelvis Excursion-Frontal (°) 6.3 ± 3.3 6.1 ± 3.1 7.4 ± 1.4 .680 .325 .216 .411** 
(p=.008) 

Trunk Excursion-Sagittal (°) 9.3 ± 3.1 7.6 ± 2.6 6.5 ± 1.8 .041* .013* .215 .291 
(p=.069) 

Trunk Excursion-Frontal (°) 5.1 ± 2.2 5.2 ± 2.6 3.1 ± 1.4 .835 .016* .025* -.175 
(p=.281) 

Peak Hip Ext Moment (Nm/kg) -0.49 ± 0.20 -0.52 ± 0.25 -0.50 ± 0.20 .527 .889 .771 -.063 
(p=.700) 

Peak Knee Ext Moment (Nm/kg) 1.19 ± 0.29 0.88 ± 0.23 1.09 ± 0.10 .002* .274 .011* .278 
(p=.082) 

Peak PF Moment - Lead (Nm/kg) -0.52 ± 0.19 -0.45 ± 0.15 -0.54 ± 0.15 .141 .727 .158 -.145 
(p=.371) 

Peak PF Moment -Trail (Nm/kg) -1.11 ± 0.17† -0.92 ± 0.24# -1.26 ± 0.16 .001* .032* <.001* .418** 
(p=.007) 

Data reported as mean ± standard deviation or r (p-value).  
MS: Participants with multiple sclerosis; Stronger: value from stronger limb; Weaker: value from weaker limb;  
CTL: control participants; Ext: extension; PF: plantar flexion; Lead: lead limb; Trail: trail limb;  
†: value of the stronger limb when leading with the weaker limb; #: value of the weaker limb when leading with the stronger limb 
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INTRODUCTION 
 
A wide range of abnormal gait parameters have been 
well documented in concussed populations.1 Most of 
the previous research examined gait over flat 
surfaces. Yet, walking over uneven surfaces is 
common in everyday life. Walking over uneven 
surfaces requires reactive postural adjustments to 
minimize the effect of upcoming disturbances. Two 
potential proactive, anticipatory adjustments are 
adjusting foot placement or adjusting trunk position. 
A custom-built shoe has been previously used to 
examine reactive postural adjustments to small 
unexpected perturbations in younger and older 
adults.2 However, limited research has examined 
postural adjustments for small, overground 
perturbations during normal straight-line walking in 
concussed individuals. 

The purpose of our study was to compare 
adjustments to unexpected and expected overground 
perturbations delivered by a mechanized shoe in 
healthy and recently concussed adults. We 
hypothesized that the concussed group would show a 
greater response to the unexpected perturbations and 
that the warning tone before the expected 
perturbations would allow both groups to utilize 
anticipatory adjustments to better cope with the 
disturbance.  
 
METHODS 
 
Five healthy (4 women, 23.8 (4.7) yrs) and five 
recently concussed (2 women, 24.6 (5.2) yrs) adults 
were recruited and consented before participation. 
Participants wore a pair of custom mechanized shoes. 
The shoes contained a small flap located just 
proximal to the 5th metatarsophalangeal joint. The 
small flap delivered a perturbation of approximately 
12° of eversion when it was deployed.  Participants 

completed a two-minute walking task, followed by 
two introductory unexpected and expected 
perturbation trials. They then completed two blocks 
of straight-line walking trials. One of the blocks 
consisted of expected perturbations, during which 
participants were warned that a perturbation was 
coming in the form of a loud beep one stride before 
the disturbance. The other block consisted of 
unexpected perturbations without a warning tone.  
Each block consisted of 16 walking trials, four of 
which were randomly assigned to contain a 
perturbation. Participant’s finished testing with one 
more unexpected and expected perturbation trials 
and a final two-minute walking task. All 
perturbations were delivered to the left foot. 

 
Figure 1.  Example of perturbation delivered from the 
mechanized shoe. Perturbations were delivered randomly 
behind the 5th metatarsophalangeal joint. 

Inertial sensors were placed at the feet, lumbar 
region, trunk and wrists to collect accelerations 
during walking. Raw data from each accelerometer 
was filtered with a 4th order recursive butterworth 
filter. Data was then processed with a continuous 
wavelet transform to identify specific gait events, 
and, for trials with a perturbation, the time of the 
perturbation. For each trial, three strides were 
extracted for analysis corresponding to: one stride 
before the perturbation, the stride beginning at heel 



contact of the perturbed step, and one stride after the 
perturbation. For non-perturbation trials, three 
consecutive strides were extracted for comparisons 
against perturbation trials. Standardized mean 
differences in accelerations at each sensor location 
between perturbation and non-perturbation trials 
were calculated for each subject using 1DSPM. 
Then, between-group comparisons were conducted 
using an additional 1DSPM test on the standardized 
differences. 
 
RESULTS AND DISCUSSION 
 
Qualitative analysis showed that during the step 
before an unexpected perturbation there was no 
noticeable anticipatory adjustment in either group. 
However, during expected perturbation trials the 
groups demonstrated different anticipatory 
strategies. In the step prior to the perturbation, the 
healthy control group demonstrated different swing 
foot (left foot) accelerations immediately before 
stepping on the perturbations. Conversely, the 
concussed group exhibited a large change in trunk 
acceleration immediately prior to the perturbations. 
No differences between unexpected perturbation and 
non-perturbation trials or expected perturbation and 
non-perturbation trials were found at the lumbar 
region. The lack of lumbar differences indicates that 
the trunk movement observed in the concussed group 
is specific to the trunk and not a result of a whole-
body shift. The strategies employed by the two 
groups mirrored similar research of younger and 
older adults.2 Specifically, the anticipatory foot 
response in healthy controls appears consistent with 
the foot strategy of young adults in response to a 
perturbation, and the anticipatory trunk response in 
concussed individuals resembles a trunk strategy 
employed by older adults in response to the 
perturbations.  
 

Several limitations prevent conclusive results 
without further work. The reliance on accelerations, 
as opposed to position, limits the interpretations that 
can be drawn from the data. Additionally, the small 
sample size made it difficult to identify 
quantitatively significant relationships and 
qualitative analysis was used to identify trends.  
 

CONCLUSIONS 
 
Control and concussed groups demonstrated 
qualitatively different anticipatory strategies in 
preparation of the expected perturbation. The 
contrasting strategies suggest that the individuals 
with concussion may overestimate the scale of the 
perturbation by preparing to use a postural strategy 
that is typically reserved for larger disturbances.3 
These results suggest that anticipatory motor 
planning may be impaired after concussion and may 
have functional implications in real-world 
environments. Next steps include examining the 
response after the perturbation. Future work should 
examine kinetics and further examine kinematic 
responses using optical motion capture to capture 
spatial characteristics. 
 

  
 
Figure 2.  Standardized difference between (A) 
accelerations of the trunk during unexpected and non-
perturbation trials, (B) accelerations of the trunk during 
expected and non-perturbation trials, (C) accelerations of 
the left foot during unexpected and non-perturbation 
trials, and (D) accelerations of the left foot during 
expected and non-perturbation trials. All plots represent 
the step just prior to perturbation. 
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INTRODUCTION 

Long periods of sitting have been associated 

with an increased risk of premature 

mortality [1]. However, the average 

American adult spends approximately 6.4 

hours of their day in a seated position [2]. 

Sit-stand desks (SSDs) are suggested to 

promote overall employee health by 

decreasing the amount of sedentarism and 

reducing the risk of developing and/or 

worsening musculoskeletal ailments [3]. 

Many companies have responded by 

adopting SSDs in the workplace with the 

goal of improving the overall wellbeing of 

their employees.  

 

It is unknown whether intervention 

approaches directed towards decreasing 

sedentary behaviors through SSD 

prescription result in long-term behavioral 

changes in office workers. While previous 

studies have noted decreases in sitting time 

from SSD adoption in the short term [4] 

whether these changes continue long-term is 

ambiguous. If SSDs are poised to serve as a 

solution to office place sedentarism, data on 

long-term SSD utilization is critical. 

 

The previous study investigated the impact 

of a structured program for transitioning 

from seated to standing work, with SSDs 

provided to participants, in office workers 

[4]. The current study seeks to explore 

whether individuals in the previous study 

maintained their decreased sitting time in the 

long-term through a follow-up survey. We 

expected participants to have similar sitting 

minutes/day to those reported upon 

completion of the previous study.  

 

METHODS  

Individuals who had formerly completed the 
previous study that investigated the effects 
of a targeted intervention on standing 
tolerance were invited to participate in the 
current follow-up study via email. 
 
QualtricsXM survey software (Provo, UT) 
was used for this study. Informed consent 
documents were included in the survey, with 
all participants explicitly indicating consent 
to participate. 
 
Demographic data included name (to link 
their responses to their previous data), age, 
industry, height, weight, and gender 
identification. Patterns of SSD use 
information were collected, including 
number of hours worked, percentage of time 
spent sitting and standing, and number of 
transitions between positions per day. To 
make comparisons with the previous study, 
participants also completed visual analog 
scales (VAS) for worst and average low 
back pain during the previous 7 days. They 
also completed an Occupational Sitting and 
Physical Activity Questionnaire (OSPAQ) to 
reflect the number of hours and days spent at 
work, percentage of time spent sitting, 
standing, walking and performing heavy 
labor during work for the previous 7 days. 
Sitting minutes per day from the follow-up 



 
 

survey were compared with the baseline 
sitting minutes and final (end-point of 
previous study) sitting minutes. Sitting 
minutes were entered into a repeated 
measures ANOVA for the 3 time-points. 
 
For purposes of this abstract, only the 
sitting-minutes per day from the OSPAQ are 
reported. 
 
RESULTS AND DISCUSSION 

Of the 32 original participants, 20 agreed to 
participate as 12 were lost to follow-up (no 
longer with their companies or did not 
respond to request) for a response rate of 
62.5%. One participant no longer had their 
study-provided SSD due to not using it as 
much as anticipated. This participant’s data 
was not included.  
 
Prior to enrollment in the original study 
(baseline), participants reported sitting an 
average of 461.7  86.6 min/day. At the end 
of the previous study (final), participants 
reported sitting an average of 289.0  96.3 
min/day. Time since completing the 
previous study ranged from 12-24 months, 
with an average of 19.8  4.2 months. For 
this follow-up survey, participants reported 
sitting an average of 342.0  111.9 min/day.  
 
As reported previously, participants in this 
study decreased their sitting time 
significantly during the 12-week study 
period. While there was an increase in 
sitting time over the intervening 12-24 
month period since study completion of ~ 53 
minutes, this was not significant (p = .13). 
Reported sitting time at follow-up remained 
significantly lower (p < .001) than the 
baseline values by ~ 120 minutes.   

These data points suggest that the decreased 
sitting time observed when employees are 
provided with SSDs persists over time, even 

in the absence of continued encouragement 
and/or instruction.  

Limitations of this study include the small 
sample, made even smaller by the low 
response rate/loss to follow up. This sample 
was also highly motivated to use SSDs and 
was provided the SSD units for agreeing to 
participate in the original study. The original 
study included a control group and an 
intervention group (received a structured 
approach to increasing their standing time 
over the 12-week period and a home 
exercise program), however those groups are 
not analyzed separately here.   

CONCLUSIONS  
Office workers who are motivated to try 
standing desks at work can be expected to 
benefit through decreased sitting time long-
term while at work.  
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INTRODUCTION 
 
In the event of an expected postural perturbation, the 
central nervous system activates muscles before the 
physical perturbation occurs, to reduce the perceived 
postural disturbance that could be caused by the 
perturbation. Such feed-forward postural reactions 
are called anticipatory postural adjustments (APAs), 
which include the activation and inhibition of the 
trunk and leg muscles and a slight shift of the center-
of-pressure (COP) position [1]. The generation of 
APAs majorly relies on the availability and accuracy 
of visual information. However, our previous work 
show that young adults could rely on an auditory cue 
only to generate APAs for an external perturbation 
similar to that when the visual information was 
available [2]. Older adults generally have diminished 
APAs and consequently diminished postural control 
in the events of postural perturbation [3]. Thus, the 
purpose of this study was to evaluate the role of an 
auditory cue in generating APAs in older adults 
exposed to an external perturbation.  
 
METHODS 
 
Five older adults (3M/2F, mean age 70.3±6.6 years) 
participated in this pilot study. They were instructed 
to stand on a force plate and be prepared for an 
external perturbation provided by an aluminum 
pendulum hitting the front shoulders bilaterally 
(Figure 1). An additional load (3% of body weight) 
was attached at the end of the pendulum. At first, the 
baseline of APAs was established when participants 
received the pendulum perturbation while vision was 
available (BL_V, 5 trials), and while vision was 
blocked (BL_NV, 5 trials). Then during acclimation 
training (10 trials), they received perturbation when 
the vision was available and an auditory cue 
signaling the release of the pendulum was provided 
through the headphone. Finally during training (50 
trials), they received perturbation when the vision 
was blocked but the same auditory cue was provided. 
 

A magnetic switch sent the signal to initiate the 
auditory cue (a beep of 1 kHz, 0.25 s duration) at the 

moment of the pendulum release. An accelerometer 
was attached to the pendulum to identify the moment 
of its impact with the participants’ shoulders (T0). 
An EMG system was used to record muscle activities 
from the right side of tibialis anterior (TA), medial 
gastrocnemius (MG), rectus femoris (RF), biceps 
femoris (BF), rectus abdominus (RA), and erector 
spinae (ES). 

 
The force plate and the EMG signals were aligned 
with respect to T0. The baselines of muscle activity 
and COP displacements were calculated using the 
mean value between − 500 and − 350 ms. The muscle 
latency was defined as the first time point within a 
window of 50 ms that the EMG amplitude was 
consistently greater (activation) than or smaller 
(inhibition) than its baseline value ± 2SD. The COP 
displacements in the AP direction at T0 and its peak 
value after T0 were identified. 
 

Data were organized into 5-trial blocks and the 
average of the five trials were calculated. A 
beginning (Tr1), a middle (Tr5), and a final (Tr10) 
training blocks were selected for further analysis. A 
series of one-way repeated measures ANOVAs were 
conducted on the dependent variables (EMG latency,  
COP at T0, and COP peak) for the BL_V, BL_NV 
and the 3 selected blocks of training conditions. Post-
hoc pairwise comparisons with Bonferroni 
adjustments were conducted when appropriate. 
Statistical significance was set at α = 0.05. 

Figure 1 



RESULTS AND DISCUSSION 
 
For muscle latencies, the general pattern in BL_V 
condition was that the activation of ventral muscles 
(TA, RF, and RA) and the inhibition of dorsal 
muscles (MG and ES) were detected prior to T0. In 
the BL_NV condition, the latencies were detected 
after T0, or slightly before T0. Throughout the 
training, latencies of the muscles gradually became 
seen earlier and comparable to that as the BL_V 
condition (Figure 2A-C).  
 

 
 

Statistical analysis showed significant differences 
among conditions for the latencies of TA, MG, RF, 
and ES (all p<0.05). * denotes a difference between 
the training and BL_NV conditions, and ^ denotes a 
difference between training and BL_V conditions.  

 
 

When vision information was available (BL_V), 
older adults moved their COP posteriorly prior to the 
perturbation impact (APA phase). When the vision 
information was unavailable (BL_NV), the COP at 
T0 was close to 0, and the peak displacement after 
the pendulum impact was larger. Overall, throughout 
the training condition, there was a gradual increase 
of the posterior displacement of the COP at T0 
during the APA phase and a decrease of peak 
displacement after the pendulum impact (Figure 3).  
 

Statistical analysis showed significant differences 
among conditions for T0 and peak displacements 
(both p<0.05). * denotes a difference between the 
training and BL_NV conditions, and ^ denotes a 
difference between training and BL_V conditions. 
 
CONCLUSIONS 
 
After a single session of repetitive training, older 
adults were able to generate APAs for an otherwise 
unpredictable postural perturbation relying on an 
auditory cue only. Moreover, participants also 
displayed reduced postural disturbance after the 
perturbation impact. The implementation of auditory 
cues could be a part of a training protocol to improve 
the generation of APAs and consequently improve 
overall postural control in older adults. 
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INTRODUCTION 
 
Anterior cruciate ligament (ACL) injuries often 
occur when individuals land with a single leg. One 
technique to modify lower extremity loading during 
landings is to land softly. However, the reduction of 
ACL loading associated with soft landing techniques 
could be limited for single-leg landings compared to 
double-leg landings [1]. Falling has been suggested 
as a potential strategy to decrease knee loading 
during landings. However, it is unknown whether 
falling after landing would provide advantages for 
individuals to achieve less knee loading. Evaluating 
the effect of falling on ACL loading variables could 
provide information for considering falling as a 
potential ACL injury prevention strategy.  
 
The purpose of this study was to compare knee 
flexion angles, peak impact forces, and peak knee 
extension moments among natural landings, soft 
landings, and falling in forward and vertical landings 
under single or double leg conditions. 
 
METHODS 
 
Sixteen males and sixteen females participated (age: 
22.0 ± 2.9 years; height: 1.75 ± 0.06 m; mass: 69.9 ±  
10.5 kg). Sixteen retro-reflective markers were 
placed on the trunk and the testing leg (preferred 
jumping leg for distances). Kinematic data were 
recorded using eight cameras at 160 Hz. Ground 
reaction forces (GRF) were collected using one force 
platform at 1600 Hz. 
 
The forward landing task required participants to 
jump forward from a 30 cm box placed half of the 
participant’s body height from the force platform and 
land with either the testing leg or both legs (Figure 
1). For the natural landing, participants landed as 
they would in a sport setting. For the soft landing, 
participants landed as softly as possible with 
increased knee and hip flexion throughout the 

landing [2]. For the falling, participants initially 
landed softly and then smoothly fell forward and 
rolled toward their hands and shoulders [3]. The 
vertical landing task required participants to jump 
vertically and reach to touch a basketball aligned 
above their heels at 75% of the participant’s 
maximum vertical jump height, and then land back 
with either the testing leg or both legs (Figure 2). The 
instructions for natural and soft landings were the 
same as the forward landing. For the falling, 
participants initially landed softly and smoothly fell 
backward on their hips with hands by their sides [4]. 
A gymnastics mat was used in the falling conditions. 

Figure 1. The single-leg forward landing with the 
natural landing (top), soft landing (middle), and 
falling techniques (bottom). 
Figure 2. The single-leg vertical landing with the 
natural landing (top), soft landing (middle), and 
falling techniques (bottom). 
 
Knee flexion angles at initial contact, peak knee 
flexion angles, peak vertical GRF, peak posterior 
GRF, and peak knee extension moments during the 
first 100 ms after initial contact were extracted [4]. 
For each landing task (forward or vertical landing, 
single or double legs), dependent variables were 
compared among the three techniques (natural 
landing, soft landing, and falling) using the repeated 



measures analyses of variance (ANOVA), followed 
by paired t-tests. A type-I error rate of 0.05 was used 
for statistical significance. 
 
RESULTS AND DISCUSSION 
 
One male participant did not complete the vertical 
landing task. Knee flexion angles at initial contact 
and peak knee flexion angles were generally the 
greatest for the falling, the second greatest for the 
soft landing, and the least for the natural landing 
(Table 1). Peak vertical GRF, posterior GRF, and 
knee extension moments during early landing were 
generally the least for the falling, the second least for 
the soft landing, and the greatest for the natural 
landing. 
 
Compared to the single-leg soft landing, the double-
leg soft landing allowed greater knee flexion angles 
and a larger reduction in impact forces and knee 
extension moments. The decreased changes 
associated with single-leg landings could be related 
to lower extremity strength, which limited the peak 
joint angles participants could achieve in a standing 
posture. Falling resulted in increased knee flexion 
angles and decrease impact forces and peak knee 
extension moments compared to both soft and 
natural landings since stopping at the end for both 
natural and soft landings largely decelerated the 
forward velocity, resulting in greater posterior GRF. 
On the other hand, as participants were rolling 
forward in the falling condition, a large amount of 
the forward velocity was likely maintained and 
resulted in decreased posterior GRF during early 
landing. 
 

CONCLUSIONS 
 
The effectiveness of soft landings was limited for 
single-leg landings compared to double-leg landings. 
Falling demonstrated landing biomechanics 
associated with the least ACL loading compared to 
both natural and soft landings. When the sports 
environment allows, falling appears to be an 
innovative strategy to decrease knee loading when 
individuals must land with a single leg and sub-
optimal body postures. Progressive training of 
controlled and safe falling techniques with an aim to 
protect the ACL while minimizing other injury risk 
is warranted in future studies. 
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Table 1. Means ± standard deviations of dependent variables for different landing conditions 
  Forward Landing (n=32) Vertical Landing (n=31) 
  Natural Landing Soft Landing Falling Natural Landing Soft Landing Falling 

Knee Flexion Angles at Initial 
Contact (°) 

Double Legs 18.5 ± 5.9 
C 

22.2 ± 6.8 
B 

26.1 ± 8.8 
A 

16.3 ± 6.0 
C 

18.1 ± 7.2 
B 

23.6 ± 7.8 
A 

Single leg 11.1 ± 4.9 
C 

12.1 ± 5.1 
B 

14.4 ± 6.7 
A 

11.1 ± 5.6 
B 

11.7 ± 5.8 
B 

14.6 ± 6.6 
A 

Peak Knee Flexion Angles during 
Early Landing (°) 

Double Legs 73.6 ± 7.8 
C 

79.2 ± 8.6 
B 

82.3 ± 8.8 
A 

60.7 ± 12.2 
C 

64.6 ± 11.5 
B 

72.3 ± 9.9 
A 

Single leg 54.1 ± 7.4 
C 

56.2 ± 7.5 
B 

60.1 ± 7.5 
A 

50.1 ± 9.8 
C 

51.5 ± 10.6 
B 

59.6 ± 10.1 
A 

Peak Vertical Ground Reaction 
Forces during Early Landing 
(Body Weight) 

Double Legs 2.9 ± 0.7 
A 

2.4 ± 0.6 
B 

1.7 ± 0.6 
C 

2.3 ± 0.9 
A 

1.9 ± 0.6 
B 

1.6 ± 0.5 
C 

Single leg 4.4 ± 0.6 
A 

4.0 ± 0.6 
B 

2.9 ± 0.7 
C 

3.9 ± 0.9 
A 

3.6 ± 0.9 
B 

3.0 ± 0.7 
C 

Peak Posterior Ground Reaction 
Forces (-) during Early Landing 
(Body Weight) 

Double Legs -0.8 ± 0.2 
A 

-0.7 ± 0.2 
B 

-0.5 ± 0.1 
C 

-0.5 ± 0.1 
A 

-0.4 ± 0.1 
B 

-0.4 ± 0.1 
AB 

Single leg -1.2 ± 0.2 
A 

-1.1 ± 0.3 
B 

-0.7 ± 0.2 
C 

-0.6 ± 0.2 
B 

-0.6 ± 0.2 
B 

-0.7 ± 0.1 
A 

Peak Knee Extension Moments (-
) during Early Landing (Body 
Weight * Body Height) 

Double Legs -0.11 ± 0.02 
A 

-0.10 ± 0.02 
B 

-0.08 ± 0.02 
C 

-0.11 ± 0.03 
A 

-0.10 ± 0.02 
B 

-0.08 ± 0.02 
C 

Single leg -0.16 ± 0.03 
A 

-0.16 ± 0.03 
A 

-0.14 ± 0.03 
B 

-0.17 ± 0.04 
A 

-0.16 ± 0.04 
B 

-0.13 ± 0.03 
C 

Note: The effect of landing techniques for each landing task is grouped, where A > B > C at a Type-I rate of 
0.05. 
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INTRODUCTION 
The ability to learn and maintain adaptations in 
changing environments is an important aspect of 
movement control and is especially relevant for 
rehabilitation. There are three rates of interest 
related to learning a novel motor task: 1) the 
learning rate, an important factor for skill 
performance in new and changing 
environments, 2) the retention factor, 
representing the amount of adaptation retained 
over subsequent repetitions without feedback, 
and 3) the savings rate, or the learning rate 
associated with relearning the task after washout 
[1], [2].  For a patient recovering from a stroke, 
adaptations to external conditions, such as faster 
speed for the affected leg on a split-belt 
treadmill or a force field affecting the reaching 
motion of the affected arm, can modify motor 
signals to hemiparetic limbs, overcoming post-
stroke deficits [4]. However, the adaptation 
effects fade quickly with the removal of the of 
the external stimulus. Previous work has shown 
that reward and punishment, monetarily valued 
or formulated as point scores, impact the 
learning rate of adaptation and also modulate 
the rate of forgetting the learned task [2], [3].  
The role of effort in motor learning is less 
understood. In this study, we examine the 
effects of an effort performance cost on motor 
learning as characterized by learning rate, 
retention factor, and savings rate. 

METHODS 
Participants control a yellow cursor on a screen 
using a robotic manipulandum fitted with a 
grasp sensor, illustrated in Figure 1. Subjects 
center the cursor by returning to a green home 
circle before making a 10 cm out-and-back 
reach to one of eight possible targets positioned 
at 45-degree increments around the home circle. 
After returning to home circle, error – quantified 
as the angular difference between the direct line 

to the target and the direction of the initial reach 
– incurs an effort cost, which requires the 
participant to squeeze the robot handle with a 
force scaled to their maximum grip force.  

For preliminary data collection, 
participants were divided into two groups: high, 
constant-force effort cost and control. The high-
constant force effort group was required to 
apply 20% of their MVC grip force following an 
error. Participants 
in the control 
group received no 
effort cost after an 
error, and instead 
were required to 
wait with the 
cursor in 
the home 
circle for 
approximately 800 
ms. The wait duration was selected to 
approximately match the duration of the grip 
force trials to control for the effect of time 
delays between reaches. 

The protocol consisted of 48 baseline 
reaches, followed by 280 reaches where the 
visuomotor rotation was applied, 200 retention 
trials where visual feedback was removed, 96 
washout trials where the visuomotor rotation 
was removed and subjects unlearned to rotation. 
Next subjects were re-exposed to the rotation 
for 96 trials (the savings block), allowing us to 
quantify whether learning was accelerated 
following a second exposure to the visuomotor 
rotation. The experimental blocks are 
summarized in Figure 2.  

The effort task is visually cued using a 
central circle which expanded as grip force on 
the robot handle increased. The target grip 
force, scaled to be equal to 20% of the 
participant’s MVC, was indicated by a 

Figure 1: Graphic showing the 
robot manipulandum. 



Figure 2: Experimental design including monitor display and cursor behavior for all experimental blocks and alternating 
effort trials. 

concentric target circle. A color change 
indicated when the grip force is achieved. 
Learning rate, retention factor, and savings rate 
were determined by fitting a single state model 
(Eqn. 1) to the plot of error over trials. In this 
model, the predicted visuomotor rotation, 𝑧 , 
was determined recursively from the previous 
prediction, 𝑧 , weighted by retention factor, β, 
and from the previous error (the difference of 
actual rotation 𝑟  and predicted rotation 𝑧 ) 
weighted by learning rate α. 

 𝑧 = β𝑧 + α(𝑟 − 𝑧 )             (1) 
Our ultimate goal is to determine the effect of 
effort-based punishment on rates of learning, 
retention and savings, as compared to a control 
group.  
 
RESULTS 
Thus far we have collected data for two subjects 
in the high, constant effort cost group. In 
preliminary analysis, we first determined 
whether effort-based punishment would lead to 
savings. Savings is characterized by an 
accelerated learning rate upon re-exposure to the 
visuomotor rotation. Average learning rate 
during the first exposure to the visuomotor 
rotation is 0.023 (±0.004) as compared to an 
average learning rate (savings) of 
0.051(±0.006) during the second exposure. This 
result is visualized in Figure 3.  

Figure 3: Mean error, representing reaches to each of 
the 8 targets, after a set number of trials in the 
Learning and Savings blocks. After 40 reaches, error is 
significantly lower for the savings block. 

Subjects were able to learn the rotation with 
effort-based punishment and, with regards to 
savings, subjects were able to learn the rotation 
in fewer trials upon re-exposure to the 
perturbation. Data collection is ongoing. 

CONCLUSIONS 
Preliminary findings demonstrate the feasibility 
of our effort-based punishment protocol in 
leading to hallmark metrics of visuomotor 
learning: learning, retention, and savings. 
Ongoing studies will compare the effect of 
effort-based punishments on these metrics. 

[1] J. W. Krakauer, Adv. Exp. Med. Biol., vol. 629, pp. 405–
421, 2009, doi: 10.1007/978-0-387-77064-2_21. 
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Nat. Neurosci., vol. 18, no. 4, pp. 597–602, Apr. 2015, doi: 
10.1038/nn.3956. 

[3] A. A. Nikooyan and A. A. Ahmed, J. Neurophysiol., vol. 
113, no. 2, pp. 633–646, Jan. 2015, doi: 
10.1152/jn.00032.2014. 
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INTRODUCTION 
 
As the number of people participating in running 
related events has grown, so has the demand of 
running analysis feasibility in physical therapy 
clinics. In Western society, running has risen 
steadily in popularity from 2000. It is one of the 
most efficient ways for adults to achieve physical 
fitness.1 Running related injuries are of particular 
concern because of their relatively high incidence 
rate. Incidence for injury in recreational runners has 
been reported to be anywhere from 19%-79%.1 This 
is a large range due to the different ways 
researchers define injuries, but it stands that injuries 
can have a significant negative impact on runners, 
especially competitive distance runners. Injuries 
such as stress fractures, tibial stress injuries, 
sprained ankles, patellofemoral pain, Achilles 
tendonitis, iliotibial band syndrome, and plantar 
fasciitis are commonly reported injuries in distance 
runners.2  
 
3-dimensional (3D) analysis of running gait entails 
a high cost and level of expertise to produce data 
related to running mechanics and as a result more 
physical therapists are collecting 2-dimensional 
(2D) data with high speed video cameras for this 
analysis. Currently, there is a gap in the data 
involving validity of 2D running analysis with high 
speed video cameras. Additionally, many physical 
therapy clinics do not have access to force plate 
instrumentation. Based on the literature and 
subsequent need for an evaluative measure to 
identify risk factors for injury in runners, it would 
be beneficial for clinicians to have a feasible 
method to study loading rates and ground reaction 
forces in runners. The purpose of this study is to 
compare a published equation, which estimates the 
amount of force a runner exerts on the ground and 
average loading rate with 2D running video 
analysis, to the actual force generated by the runner 

and actual loading rate measured with force plates 
and 3D motion capture. 
 
METHODS 
 
30 participants between the ages of 18 and 30 who 
run 20 miles per week at a minimum were recruited 
for this study using flyers and emails distributed to 
the running community. The inclusion factors listed 
in the flyer for participation were:  

1. Between the ages of 18 to 50 years  
2. Running on average at least 20 miles per 

week for one-year prior to participation in 
the study  

3. Experience running on a treadmill  
4. No previous history of lower extremity 

congenital or traumatic deformity or 
previous surgery that resulted in altered 
bony alignment  

5. No acute injury three months prior to the 
start of the study that has led to the inability 
to run.   

 
Vital signs and participant-specific metrics (height, 
weight, shoe length) were collected upon arrival and 
then participants completed a survey documenting 
previous running injuries. Each participant 
completed a six-minute warm-up to acclimate to the 
force-instrumented treadmill. Once complete, 
reflective and digitized markers were placed on the 
left lower extremity (ASIS, PSIS, knee epicondyles, 
malleoli, proximal and distal Achilles tendon, 
superior and inferior heel of the shoe, anterior shoe, 
and posterior shoe). The participants then began a 
one-minute trial run where video was captured by 
two high-speed cameras 240 fps and 3D video data 
using a motion capture system at 240 fps.  
  
T-tests were utilized to determine differences 
between 2D and 3D calculations of kinematic 
values. Recorded kinematic variables were placed 



in the prediction formula from our previous 
research to estimate vertical ground reaction force 
(VERT GRF) and average loading rate 
(AVG LR).3  Differences were determined between 
predicted variables in 2D data against variables 
measured using the force plate instrumented 
treadmill. A stepwise linear regression was applied 
to determine if there is a set of variables associated 
with VERT GRF and AVG LR. 

 

 
 

RESULTS AND DISCUSSION 

The results of the paired T-test comparing vertical 
ground reaction forces (VERT GRF) calculated 
using the predictive equation and VERT GRF 
measured using force plate data showed significant 
differences with an average error rate of 10.45% 

(p=.048). The comparison between average loading 
rate (AVG LR) calculated using the predictive 
equation and AVG LR measured by force plate 
data showed no significant difference with an 
average error rate of 3.3% (p=.737).  
 
The results of this study may have been influenced 
by the small preliminary sample size of 18 subjects 
out of the 30 subjects that have been measured. At 
this point, the results suggest that VERT GRF 
calculated by the equation from our previous study 
do not match the VERT GRF that were measured 
during the trial, suggesting that the formula should 
be adjusted to accurately predict vertical ground 
reaction forces. Initial data also indicates that our 
formula shows no differences in AVG LR as 
compared to the measurements taken from the force 
plate data.  
 
CONCLUSIONS 
 
The initial results of this study suggest that our 
equation is an accurate predictor of average loading 
rate during running, but not vertical ground reaction 
forces. As the data continues to be accumulated and 
analyzed, the predictive abilities of the equation will 
become clearer. With the current results, it seems 
that adjustments need to be made to the equation in 
order for use in the clinical setting as an accurate 
predictor of vertical ground reaction force and 
average loading rate. 
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INTRODUCTION 
 
The normalized amplitude of the force fluctuations 
(coefficient of variation for force) during steady 
submaximal contractions provides a measure of 
force steadiness (Galganski et al. 1993). Force 
steadiness is a sensitive marker of fine motor control, 
as it varies with the target force for the steady 
contraction, the test muscle, the difficulty of the task, 
the level of physiological arousal, the age of the 
performer, and the neurological health of the 
individual (Tracy and Enoka, 2002). Critically, force 
steadiness has consistently emerged as a statistically 
significant explanatory variable for the variance in 
performance on a number of dynamic tasks, such as 
walking, manual dexterity, and postural sway. 
 
Advances in electromyography (EMG) have made it 
possible to investigate the influence of small changes 
in muscle activation on the capacity of an individual 
to control muscle force (Farina et al. 2016). Multi-
channel electrode matrices enable the decomposition 
of discharge times of several concurrently active 
motor units from surface EMG recordings, 
permitting estimates of the neural drive to muscle 
(Farina et al. 2010). The common low-frequency (< 
10 Hz) fluctuations in the discharge times of active 
motor units is used to infer the effective control 
signal sent to muscle (Negro 2009). 
 
We are currently conducting a study to compare 
maximal voluntary force capacity, force control, and 
the neural drive to the plantar flexor muscles before 
and after a single session of static calf stretches. This 
preliminary report shows interesting changes in force 
control and motor unit activity following static 
stretching in two individuals. 
 
METHODS 
 
The protocol includes measurement of maximal 
ankle dorsiflexion angle, maximal voluntary 
contractions (MVCs) of the plantar flexors, and 

isometric contractions to match 10% and 35% MVC 
target forces. These assessments were completed 
before and after 4 x 30 s of active static stretching of 
the right calf, each followed by 30 s of seated rest. 
 
Electromyographic (EMG) signals were recorded 
from medial gastrocnemius, lateral gastrocnemius, 
lateral aspect of the soleus, and tibialis anterior 
during the MVCs and submaximal tasks with high-
density grid electrodes that comprised 32 recording 
sites (10 mm apart) arranged in 4 columns and 8 rows 
(2 x 3 inches).   
 
The submaximal contractions involved a gradual 
increase in force to the target line (10-12 s), a steady 
contraction at the target force (30 s), and a gradual 
decrease in force (10-12 s). The standard deviation, 
coefficient of variation, and spectral frequency of 
torque fluctuations were analyzed during the steady 
contraction. Prior to analysis, a fourth-order 
Butterworth low-pass filter (60 Hz) was used to 
remove noise but preserve the amplitude of relatively 
high-frequency fluctuations in torque (i.e., 8-10 Hz). 
 
The effective neural drive to the plantar flexor 
muscles was calculated by summing the motor unit 
activity from the three calf muscles during the 
submaximal contractions. 
 
RESULTS AND DISCUSSION 
 
After the static stretching protocol, two individuals 
exhibited reduced force control with the calf muscles 
(1 woman, 1 man, both 21 years of age). The force 
fluctuations (standard deviation and coefficient of 
variation for force) during the steady 30 s 
contractions were greater for these two individuals at 
both target forces (Table 1, Figure 1).  
 
An examination of the frequency content of the force 
signal reveals that both individuals showed increased 
power in the 4-8 Hz band (Figure 2). 
 



Decomposition of the EMG signals into individual 
motor unit discharge activity is underway and is 
expected to provide unique insight into the change in 
force control after stretching. The estimate of the 
neural drive to the plantar flexor muscles from the 
motor unit discharge times will be key in explaining 
the increased force fluctuations. 
 

 
Figure 2. Power density spectrum for the force 
signal for the same subject (06). 

 
CONCLUSIONS 
 

These preliminary data suggest that static stretching 
has a robust influence on force control in at least 
some individuals.  The subject characteristics 
responsible for this finding remain to be determined. 
 
REFERENCES 
 
1. Galganski, et al. J Neurophysiol 69, 2108-2115, 

1993. 
2. Farina, et al. Clin Neurophysiol 121, 1616-1623, 

2010. 
3. Farina, et al. J Physiol 121, 1616–1623, 2014. 
4. Negro, et al. J Physiol 587, 5925–5938, 2009. 
5. Tracy and Enoka, J Appl Physiol 92, 1004-1012, 

2002. 

Figure 1. The steady 30-second contraction for one subject (06) at 10% MVC, before and after repeated static stretching. 

Table 1. Characteristics of the 30-s steady contraction before and after repeated static stretching of the right calf. 

Subject % MVC 
Before After 

Mean Torque 
(N•m) 

SD 
(N•m) 

CV 
(%) 

Mean Torque 
(N•m) 

SD 
(N•m) 

CV 
(%) 

08 10% 7.46 0.142 1.90% 7.51 0.194 2.59% 
35% 26.00 0.407 1.56% 25.90 0.686 2.65% 

06 10% 10.58 0.233 2.20% 10.57 0.313 2.96% 
35% 36.57 0.693 1.90% 36.46 0.812 2.23% 
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INTRODUCTION  

The process of Alzheimer’s Disease (AD) is 
thought to begin several years before clinical 
diagnosis.  The progression to AD and dementia is 
marked by a period of preclinical AD then mild 
cognitive impairment (MCI) then finally dementia 
[4]. Sperling et al. propose Figure 1 as the trajectory 
for cognitive decline in individuals with MCI or 
pre-clinical AD compared to healthy aging. 

This aging trajectory is marked by a significant 
decline in cognitive function as compared to healthy 
aging. Converging evidence suggests motor 
impairments could detect declines in cognitive 
function before current diagnostic methods [3]. 
Individuals with MCI demonstrate lower extremity 
motor deficits as evidenced in reduced balance and 
impaired gait [2]. Lower extremity motor deficits 
precede and predict decline in cognitive status 
several years before clinical diagnosis of dementia 
or AD [1]. However, the impact of MCI on upper 

extremity motor control is not well understood. The 
aim of the current study is to review and summarize 
the literature examining the presence of deficits in 
hand dexterity in individuals of pre-clinical AD and 
MCI. 

METHODS 

We performed a systematic search of online 
databases for articles. An additional search strategy 
involved a manual search of included article 
references. Inclusion criteria for research articles was 
a) study compared healthy participants to 
participants clinically or psychometrically diagnosed 
with MCI or pre-clinical AD, b) neuropsychological 
testing using Mini-Mental State Examination 
(MMSE) (n=11 studies), or the Clinical Dementia 
Rating (CDR) (n=3 studies), or the Cambridge-
cognitive Exam (CAM-COG-R) (n=1 study), c) fine 
motor control was tested using two methods 
including kinematic analysis of handwriting (n=9) 
and finger tapping tasks (n=6). 

RESULTS & DISCUSSION 

Fifteen studies from North America, Japan, Italy, 
France, Germany, Poland, Israel, and Australia met 
inclusion criteria with a total of 942 participants 
with MCI or preclinical AD. Overall, participants 
with MCI or preclinical AD showed deficits in 
handwriting and finger tapping tasks as compared 
with the healthy population. Deficits in cognitive 
and motor function may appear before an individual 
is recognized as at risk for dementia or AD. Our 
findings suggest deficits in hand dexterity may be 
able to identify individuals with pre-clinical AD and 
MCI years prior to dementia or AD diagnosis. 
 

 

Figure 1 

The solid line illustrates normal aging with 
respect to cognitive decline. The broken line 
illustrates an increased rate of cognitive 
decline as compared to normal aging long 
before diagnosis of dementia [4].  
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CONCLUSIONS 

Individuals with MCI or pre-clinical AD diagnoses 
show decline in hand dexterity. These deficits were 
evidenced by changes in handwriting kinematics 
and finger tapping tasks. Current studies lack 
longitudinal evidence focusing on the divergence 
point of MCI and pre-clinical AD from healthy 
aging and the effects on hand dexterity. Early 
diagnosis and intervention for individuals 
advancing to dementia or AD may help slow 
progression to more advanced stages. Future studies 
would benefit by concentrating on the earliest 
possible detection point of hand dexterity deficits in 
individuals with MCI and pre-clinical AD. 
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INTRODUCTION 
 
Labrum injuries are common in athletes, often 
requiring surgical intervention. Superior labrum 
anterior-posterior (SLAP) tears contributed to over 
17% of operative shoulder injuries in National 
Collegiate Athletic Association (NCAA) athletes 
[1]. In addition, non-SLAP labrum tears were a 
portion of surgical treatments to shoulder instability 
that comprised more than 60% of total shoulder 
surgeries [1]. Only 55% of athletes returned to their 
prior level of sport after SLAP injuries, while 
overhead athletes had a return rate of 45% [2]. 
 
Despite surgeries and rehabilitation, athletes 
following labrum injuries commonly demonstrate 
impaired physical function and decreased capability 
to continue sports activities at pre-injury levels. 
A potential contributor to the current sub-optimal 
patient outcomes following labrum repairs include 
the use of time as a primary indicator of 
rehabilitation status. Additionally, there is a lack of 
valid clinical tests for assessing a patient’s physical 
functions. Most available tests evaluating labrum 
integrity use the appearance or nonappearance of 
pain without objective assessments of physical 
function [2]. As inadequate rehabilitation and early 
return-to-sport (RTS) are likely to increase the risk 
of injury, there is a need to improve current 
assessments, rehabilitation, and RTS criteria to 
enhance post-surgery outcomes. 
 
This study aimed to evaluate the strength and 
balance performance before and after labrum repairs 
in NCAA collegiate athletes. Athletes performed 
baseline assessments before the injuries and two 
follow-up assessments after the surgeries. Bilateral 
strength and balance asymmetries were 
hypothesized to be least at baseline and greatest at 
the first post-surgical assessment. 
 

METHODS 
 
The current study was a follow-up study of a 
previous study, in which more than 700 of NCAA 
Division I athletes performed baseline assessments 
[3]. After the baseline assessment, 15 males and one 
female (age: 20.3 ± 0.9 years; height 1.84 ± 0.08 m; 
mass: 95.7 ± 16.5 kg) received labrum repairs. 
Fourteen of these participants performed baseline 
assessments. The time between the baseline 
assessments and surgeries was 0.79 ± 0.73 years. 
All participants performed the first post-surgical 
assessment (2.68 ± 0.88 months post surgeries). 
Twelve participants performed the second post-
surgical assessment (3.76 ± 0.84 months). 
 
Subjects performed a maximal effort and explosive 
push-up test (Figure 1) to assess upper extremity 
strength and an upper extremity reaching test 
(Figure 2) to assess upper extremity balance as 
previously described [3]. Bilateral vertical ground 
reaction forces in the push-up test were collected 
using two Bertec force plates at a sampling 
frequency of 1000 Hz. A Y-balance kit was used for 
the upper extremity reaching test. The bilateral peak 
pushing forces and reaching distances were 
normalized to body weight and arm length, 
respectively. The asymmetry index was calculated 
as: (non-injured side – injured side) / (larger value 
of the two sides), with positive values indicating 
greater performance on the non-injured. Paired t-
tests were performed between each pair of 
assessments for each variable (α = 0.05). 
 

 
Figure 1. The push-up test (reprinted from [3]) 
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Figure 2. The reaching test (reprinted from [3]) 

 
RESULTS AND DISCUSSION 
Peak pushing forces did not change significantly on 
the non-injured side over the three assessments 
(Table 1). Injured side peak pushing forces were the 
greatest at baseline and least at the first post-
surgical assessment. Consistently, peak pushing 
force asymmetries were greatest for the first post-
surgical assessment and least at baseline. No 
significant changes were observed for reaching 
distances on either side. 
 
The hypothesized asymmetries were supported for 
maximum strength, but not for dynamic balance. 
Labrum injuries may have detrimental effects on the 
injured shoulder’s strength. Bilateral maximal 
strength and explosive tests appear to have a greater 
sensitivity for detecting the resulting strength 
deficits. Although the performance of the injured 
side improved from the first to the second 
assessments, it was still at a lower level compared 
to the baseline. Returning athletes to sports with 
decreased performance of the injured side and 
increased bilateral asymmetries may raise concerns 
related to increased re-injury risks. Meanwhile, the 
non-injured side may serve as an adequate reference 
for rehabilitation, as its performance did not 
significantly decrease between baseline and post-
surgery assessments. On the other hand, the 

dynamic reaching test involved strength and 
stability associated with the supporting arm and the 
trunk. The shoulder of the supporting arm was in a 
flexed and slightly abducted position without being 
close to the limit of its range of motion. The 
reaching test’s less explosive nature combined with 
a limited range of motion and the constraint of only 
using one arm may limit the test’s ability to detect 
bilateral asymmetries.  
 
CONCLUSIONS 
Following labrum repairs, collegiate athletes 
demonstrated decreased peak pushing forces and 
increase pushing force asymmetries, but similar 
reaching distances, compared to baseline. The push-
up test appears to be a sensitive test to assess 
impairments to the shoulder following labrum 
repairs. The non-injured side could be used to guide 
the rehabilitation if baseline data are not available. 
Since strength deficits persist at both post-surgery 
assessments, time alone does not appear to be a 
sufficient indicator for RTS. These findings provide 
a foundation for understanding the less than optimal 
patient outcomes following labrum repairs. The 
results support the use of objective tools for strength 
measurement during rehabilitation and suggest they 
may help improve RTS and decrease re-injury risk 
among collegiate athletes following labarum 
repairs.  
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Table 1: Means ± standard deviations of dependent variables 
 

 Non-injured Side Injured Side Asymmetry 
 Baseline 

(n=14) 

Post-
Surgery I 
(n=16) 

Post-
Surgery II 
(n=12) 

Baseline 
(n=14) 

Post-
Surgery I 
(n=16) 

Post-
Surgery II 
(n=12) 

Baseline 
(n=14) 

Post-
Surgery I 
(n=16) 

Post-
Surgery II 
(n=12) 

Peak Pushing 
Forces (Body 
Weight) 

0.73 ± 0.15 
 

0.70 ± 0.15 
 

0.74 ± 0.13 
 

0.73 ± 0.15 
A 

0.60 ± 0.13 
C 

0.68 ± 0.12 
B 

0.00 ± 0.08 
BC 

0.14 ± 0.11 
A 

0.07±0.10 
B 

Reaching 
Distances 
(Arm length) 

1.04 ± 0.08 
 

1.04 ± 0.09 
 

1.04 ± 0.07 
 

1.01 ± 0.09 
 

1.03 ± 0.09 
 

1.05 ± 0.08 
 

0.02 ± 0.03 
A 

0.01 ± 0.04 
AB 

-0.01±0.03 
B 

Note: The effect of testing time on each dependent variable was grouped, where A>B>C. 
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INTRODUCTION 

Squatting with a barbell is a common exercise for 
many people when trying to increase their lower 
body strength [1, 2]. Utilizing proper, consistent 
technique can help with strength training while also 
keeping the amount of force exerted on the various 
parts of the body during a squat consistent and 
keeping the risk of injury low [1, 2]. This is notable 
for those who have injuries or pain such as 
patellofemoral joint pain, where a lower flexion 
angle of the knee can minimize pain without 
hampering training [1]. Consistent technique is also 
beneficial for those who also perform lifts with 
similar lower body kinematics such as the clean and 
snatch, where knee flexion can go as high as 118 
degrees [1].  

When performing lifting research, most studies do 
not allow the participants to squat to the angle of their 
choice; instead, they are given a benchmark that they 
need to hit with every squat. By removing this 
required benchmark and instead informing them of 
how far down they should try to go (roughly 90 
degree knee flexion), this study hopes to see whether 
increased weight during squatting causes someone to 
change the depth to which they squat or if it causes 
participants to compensate for the increased weight 
in some other way such as the time it takes to 
complete a squat. 

METHODS 

The purpose of this study was to quantify if lifting 
near a ten-repetition maximum (10RM), the 
maximum weight a participant could squat ten times 
in repetition, changed the technique of a lifter 
compared to the technique they used when squatting 
at a much lighter minimum weight. The MVN Link 
(Xsens Technologies, Netherlands) was used during 
squats to measure the duration of individual squats as 

well as the knee angle. The MVN Link is a system of 
17 inertial-magnetic motion trackers that record the 
bodily kinematics of the wearer with a sampling 
frequency of 240 Hz and transmit them to a personal 
computer for processing and visualization [3].  
Figure 1 shows the Link system. MVN Animate 
(Xsens Technologies, Netherlands) software was 
used in conjunction with MVN Link to calculate the 
knee flexion from the extracted signals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: MVN Link. Examples of the sensors are 
indicated with blue arrows and the battery pack and 
transmitter are indicated with red arrows [3]. 
 
Ten individuals were recruited for this study (age: 
23.7 ± 3.8 years, height: 177.1 ± 10.7 cm). 
Participants had varying levels of lifting experience, 
with some never having done it and others lifting five 
times a week. To account for this, the starting weight 
that each individual lifted was determined for each 
participant individually. The more physically 
capable participants started with an Olympic lifting 
bar weighing 45 pounds (lbs) while those not 
accustomed to lifting started with a lifting bar of 15 
pounds. Participants then performed a set of ten 
squats at their own speed at their assigned minimum 
weight. Participants continued to perform sets of ten 



 

squats of increasing weight until they reached their 
10RM. 
 
A peak detection algorithm was used to extract the 
knee angles at the terminus of the downward portion 
of each squat as well as the times at which each 
individual squat began and ended. For both the 
minimum weight and 10RM set, the means and 
standard deviations of the angle and time to complete 
the squats were calculated for each participant. For 
analysis, the first squat of each set was removed since 
there was a tendency for the first squat in a set of ten 
to be markedly different than the following nine 
squats. Differences in mean squat time and mean 
knee angle between the minimum weight and 10RM 
set were calculated using paired t-tests. 
 
RESULTS AND DISCUSSION 
 
As seen in Table 1, the amount of weight that the 
participants lifted did not affect the angle they lifted 
to (p = 0.42). Though results are only shown for 
minimum and maximum weights, this result was also 
true for all intermediate weights the participants 
lifted.  
 
While the angle of the lifters was not affected by the 
increase in weight, a form of compensation did 
occur. As the weight increased, the time it took 
participants to complete each squat also increased 
(Table 1; p = 0.015). There were two noteworthy 
exceptions to this rule in the experiment. Participant 
5’s time per squat decreased when comparing the 
minimum weight squat and 10RM squat. This 
participant also reported that they regularly lifted 

weights at the gym and were used to squatting at the 
maximum weight. This could suggest one of two 
things: that the weight was too light for the 
participant to noticeably affect their technique, or 
that their technique was less susceptible to being 
affected due to having more experience. Participant 
8’s data is harder to account for as they do not lift 
weights on a consistent basis; thus, their data could 
simply be statistical noise. 
 
The increase in the time it took to complete a squat 
as well as the lack of a significant change in knee 
flexion angle indicates that participants compensated 
for an increased load by increasing the time it took to 
complete the squat. This also suggests that each 
participant had some way of knowing how far they 
should go down before they stopped the squat. 
 
CONCLUSION 
Increasing the weight lifted during a squat results in 
an increased time taken to complete a squat, but does 
not have an impact on how far someone bends their 
knees when squatting. Further testing with more 
participants is required to confirm these findings as 
well as find just how much a weight increase affects 
the speed of a person’s squat. 
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Table 1: The minimum and maximum weights each participant lifted as well as the knee angle and squat duration for the 
minimum and maximum weight. 

 1 2 3 4 5 6 7 8 9 10 
Weight 
Min (lbs) 

45 45 45 15 15 45 45 45 45 45 

Angles 
Min (o) 

81.1 ± 
1.6 

88.9 ± 
0.4 

85.6 ± 
0.6 

79.4 ± 
0.5 

86.7 ± 
0.6 

84.2 ± 
0.8 

80.3 ± 
0.9 

84.9 ± 
0.4 

88.7 ± 
0.4 

88.6  ±  
0.5 

Time Min 
(seconds) 

0.85 ± 
0.03 

1.37 ± 
0.09 

1.25 ± 
0.10 

0.93 ± 
0.04 

1.08 ±  
0.08 

1.30 ± 
0.07 

1.16 ± 
0.03 

0.93 ± 
0.03 

0.54  ± 
0.05 

0.94 ± 
0.16 

Weight 
Max (lbs) 

205 65 135 205 205 135 135 135 205 225 

Angles 
Max (o) 

83.8  ± 
1.3 

89.4  ± 
0.3 

87.7  ± 
0.8 

79.6  ± 
1.5 

85.2  ± 
0.5 

82.5 ± 
2.2 

80.7 ± 
1.1 

85.0 ±  
0.6 

88.9 ± 
0.3 

89.2 ± 
0.3 

Time Max 
(seconds) 

1.52  ± 
0.06 

1.55  ± 
0.07 

1.40  ± 
0.10 

1.27  ± 
0.27 

1.04  ± 
0.06 

1.40 ±  
0.07 

1.78 ±  
0.25 

0.85 ± 
0.03 

1.40 ± 
0.19 

1.09 ± 
0.06 
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INTRODUCTION 
Athletes with recent sports-related concussion (SRC) are 
3x more likely to sustain musculoskeletal injuries or 
repeat SRC when they return to play (e.g. [1]). 
Importantly, a history of 2+ SRCs places individuals at 
significant risk for permanent cognitive, emotional, and 
sleep deficits [2]. There are also sex differences in the 
incidence and sequelae of SRC. Not only is the rate of 
SRC higher in female athletes [3], females also have 
more pronounced motor deficits than males [4]. Risk of 
re-injury–and risk of permanent deficits from multiple 
SRCs–could be reduced by better determining why 
athletes are more likely to be re-injured at return-to-play.  
Recent studies suggest that subtle motor deficits are 
present when athletes return to sports and may be 
responsible for re-injury (see review: [5]). Athletes with 
recent SRC tend to have typical, simple task 
performance, but more complex tasks elicit subtle motor 
deficits. To-date, the underlying neural mechanisms of 
these deficits have not been described. We hypothesize 
that, after injury, athletes use more neural resources 
during simple tasks and, subsequently, have insufficient 
neural resources to execute complex tasks. To test this 
hypothesis, we are using EEG measures obtained during 
a relatively simple cognitive behavioral task, the flanker 
task (part of the NIH tool-box), to evaluate neural 
resource recruitment in female athletes.  

METHODS 
Participants 
At present, 29 female athletes (18-23 yrs.) have 
participated in this study, and we have another 4 years of 
NIH funding to recruit our full sample (~80 athletes).  
Participants fall into the following groups: no history of 
concussion (N=12), history of concussion (N=14), and 
recently cleared  concussion (N=3); see Table 1. 
Recently cleared  refers to an athlete with SRC who 

has been found safe, or clear, to return-to-play by a 
medical professional.   

 
Cognitive Behavioral Task  
The flanker task is a relatively simple behavioral task, 
where participants responded as quickly as possible to 
the middle letter in a set of 5 letters. The task required a 
simple motor response i.e. a button press and was 
speeded and designed to elicit errors; see Fig.1. 

 

 
EEG Data Collection, Reduction, and ERP Analysis 
EEG data were collected using a BioSemi ActiveTwo 
EEG Acquisition System; see Fig 2.  
Raw EEG data were filtered 
and segmented using 
standard procedures with 
BrainVision Analyzer2 and 
Matlab to produce averaged 
event-related potentials 
(ERP). Average ERPs were 
time-locked to incorrect 
responses and averaged 
across incorrect trials for 
each participant.  
The ERP components of 
interest were the error-related 
negativity (ERN) and the 
error-positivity (Pe). The ERN and Pe are thought to 
represent the recognition of an error and the evaluation 
and adaptation following an error, respectively [7]. 

 
 

Figure 1. Flanker task 
visual presentations. 
Four trial possibilities 
are presented randomly 
for a total of 480 trials. 
Participants press a 
button with the left 
finger if the middle 
letter is H or with the 
right finger if the 
middle letter is S.  

Figure 2. A female 
athlete completing the 
EEG paradigm. 



PILOT FINDINGS  
Female athletes who were recently cleared from SRC 
had the largest ERN and Pe amplitudes numerically. 
Those with a history of concussion had the second 
largest numerically on the Pe, while those with no 
history of concussion had the smallest amplitudes; see 
Fig. 3. Importantly, there were no obvious differences in 
behavioral performance (accuracy and response times) 
between groups.  

DISCUSSION 
At this time, we are inadequately powered to observe 
statistically significant group differences in the evaluated 
ERPs, the ERN and Pe. However, our pilot findings are 
beginning to support our hypothesis that concussion 
results in greater neural processing. Specifically, we are 
seeing numerically largest amplitudes–representing the 
greatest amount of neural resource recruitment–in 
athletes with recent concussion, and the second largest 
amplitudes are seen with a history of concussion. We 
observed the smallest amplitudes in athletes with no 
history of concussion, which may represent typical 

neural processing and neural efficiency. In contrast to 
these EEG findings, our behavioral findings show a 
relatively simple task does not elicit motor deficits, 
which is consistent with others’ work.  

Limitations 

The most notable limitation of our work, thus far, is the 
small sample size. Additionally, our recently cleared 
concussion group only has 3 participants and has the 
youngest average age of all the groups. Although age is 
not significantly correlated with ERN or Pe amplitude in 
our sample, this has been observed in other studies [6], 
and the difference in age between groups is significantly 
different, which limits the interpretation of our findings 
at this time. Further, as can be seen in Table 1, there is 
marked heterogeneity of sport played by our 
participants, which could also contribute to variability in 
behavioral performance and/or neural resource 
recruitment. Finally, our participants’ history of 
concussion is obtained through self-report. Therefore, it 
is possible that some of our participants have either 
under- or over-reported past concussive injuries. 

Future Directions 

Our most important future direction is to continue 
participant recruitment and data collection until we reach 
our targeted sample size. We are also following 
participants from the recently cleared concussion group 
for 6 months to determine if any of our findings are 
predictive of re-injury when they return to play. This 
work may help us to identify which measures are most 
sensitive for evaluating changes over time, as we are 
including athletes with recently cleared concussion and 
those with a history of concussion. In addition to 
collecting EEG data, we are also conducting movement-
based studies with a mobile neuroimaging system, 
functional near-infrared spectroscopy (fNIRS). Finally, 
we are in the process of developing novel interventions 
which introduce complex behavioral tasks in virtual 
reality environments to help athletes return to sports with 
a reduced risk of re-injury.   
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Figure 3. Grand average ERPs time-locked to incorrect 
responses.  
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INTRODUCTION 
 
Multiple sclerosis (MS) is a progressive neurologic 
disease that affects one million people in the US [1]. 
Impaired mobility and falls are serious concerns in 
this population [2]. Rehabilitation strategies 
incorporating reactive balance seek to enhance 
automatic postural shifts that occur in response to 
perturbations to balance and be effective in reducing 
fall risk [3]. Automatic postural responses are quick 
(i.e. 80-100ms in lower limbs of neurotypical adults), 
context-specific muscle activations in response to a 
balance challenge. Smaller perturbations will elicit 
a feet-in-place postural response strategy. This 
response requires the fast conduction and 
integration of somatosensory information, which 
are altered in people with multiple sclerosis 
(PwMS). Indeed, due to slowed somatosensory 
conduction, PwMS receive somatosensory 
information late, resulting in later muscle and 
step onsets [4]. However, other aspects and 
profiles of postural response profiles, such as the 
onset, slope, maximum forces produced in 
response to perturbations are poorly understood. 
In fact, only one study in 8 PwMS examined this 
topic, suggesting that PwMS exhibit larger torque 
responses than neurotypical adults, possibly as a 
compensatory strategy for the prolonged 
latencies [4].  

The purpose of our study was to provide a thorough 
characterization of force production profiles 
(measured as torque and center of pressure) in PwMS 
in response to a support-surface perturbation. We 
hypothesize that PwMS will have larger and later 
postural responses.  
 
METHODS 
 
52 PwMS (39 female, 50 ± 10 yrs) and 20 healthy 
controls (14 female, 50 ± 12 yrs) adults participated 
in this one-day study. Two computer/servo-

controlled hydraulic platforms were used to 
administer the IPPs. Each participant experienced 
backward perturbations resulting in anterior postural 
sway (Figure 1). Participants were exposed to a total 
of 8 perturbations (4cm amplitude and 15 cm/s 
velocity) to elicit an in-place perturbation (IPP); one 
forward and backward familiarization perturbation 
followed by 3 forward and 3 backward perturbations. 
Only the backward translations (resulting in anterior 
displacement of the center of mass (COM)) were 
assessed.    
 
IPP and COP data were calculated using force-plate 
data captured at 480 Hz. COP and torque data were 
calculated by averaging the position of force-vectors 
under the two independent force plates. A full-body 
reflective marker set (Motion Analysis Co., Santa 
Rosa, CA) was used to calculate COM which was 
collected at 120 Hz and low-pass filtered at 50 Hz.    
  
Maximal torque amplitude was calculated bilaterally 
as the mean vertical force multiplied by anterior-
posterior COP displacement from the ankle. The 
timing of maximal torque within a window from 42 
to 500ms after perturbation onset. The rate of torque 
development was calculated as the (maximum) slope 
of the averaged bilateral torque response signal. COP 
onset was calculated as the maximum acceleration of 
the COP beginning 75ms after perturbation.   
 
The normality of the data was confirmed with the 
Shapiro-Wilk test, and two-tailed Independent and 
Mann Whitney U tests were used to compare 
outcomes between groups. Spearman’s Rho 
correlations were used to examine whether the 
primary outcome was related to COM displacement.   
 
 
 

 
 



RESULTS AND DISCUSSION 

PwMS and healthy controls demonstrated similar 
maximal torque values after a backward IPP (p= 
0.785). Although this maximal torque was generated 
later in PwMS than controls this difference was not 
significantly different (p=0.294). Similarly, the rates 
of torque development between the groups were not 
significantly different (p=0.758). There was no 
difference in the initiation of COP between the MS 
and healthy control groups (p=0.554). The results are 
described in Table 1.  

Only one previous study investigated torque 
responses in PwMS, showing that in 8 MS 
participants, the rate of torque development was 
larger in MS compared to healthy older adults. 
Notably, this study, which was conducted in 
relatively severe MS participants, also observed 
significantly later EMG onset. In the current study, 
we demonstrated a subtle and insignificant increase 
in the maximal and rate of torque production in 
PwMS. The inconsistency with Cameron et al. may 
be related to the less severe participants recruited in 
the current study. Indeed, a previous analysis of the 
current dataset suggests that medial gastrocnemius 
activation was not as delayed [3] compared to 
previous reports. Therefore, it is possible that PwMS 

did not have to make such a large torque response to 
compensate for muscle onset latency.  
 
The maximal torque values produced and the time at 
which they occurred were similar across groups. To 
the authors’ knowledge, this has not been reported 
before within PwMS and could be due to the 
velocities of the surface translations. It has been 
shown that the amplitude of the postural response 
increases with increments in perturbation size [4]. In 
our study, the velocity of the perturbations was held 
constant so it may have required smaller responses 
for some compared to others.  
 
Notably, results of Spearman correlations indicated 
that there was a significant negative association 
between the rate of torque development and forward 
center of mass displacement in the control and MS 
group after IPP’s (Control; r = -0.64, p = 0.002; MS; 
r = -0.35, p = 0.01) (Figure 2). The higher the torque 
produced within the MS group was also associated 
with smaller COM displacement (r = -0.33, p = 0.02) 
(Figure 2).   

CONCLUSIONS 
 
Our data indicate that while the force produced 
underfoot is not inherently different in PwMS 
compared to neurotypical adults, it is correlated to 
outcomes in PwMS. These findings suggest that 
while not worse in PwMS during in place 
perturbations, force-responses may indeed be an 
important predictor of effectiveness of reactive 
postural control responses in this population. 
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Figure 1. Each participant underwent a total of 8 
smaller perturbations (4cm amplitude and 15 cm/s 
velocity) to elicit an IPP; one forward and backward 
familiarization perturbation followed by 6 smaller 
forward and backward perturbations. Only the 
backward perturbations which induced forward COM 
were assessed.   



 
 
 

Table 1. Postural Response Measures and Statistical Results (p-values) of Control Participants and PwMS During 
Backward IPP s 

    Control (n=20)   MS (n=52)   P-
Value 

                  
Max Torque (Nm/kg)   0.36 ± 0.08   0.37 ± 0.10   0.785 

Time of Max Torque (ms)   264.72 ±16.81  280.05 ±41.63   0.294  
Rate of Torque Development (Nm/ms) 238.79 ±80.67   246.53 ±99.78   0.758 
COP Onset (ms)   140.62 ±42.90   156.44 ±72.17   0.554 
Values are reported mean ± SD. IPP s- In-place perturbations; PwMS- People with multiple sclerosis; COP- 
center of pressure;  - Mann Whitney U Test                                                                                                                                                                                   

Figure 2: Correlations (Spearman’s Rho) between A) Center of Mass displacement and 
maximal torque production in the control group, B) Center of Mass displacement and maximal 
torque production in the MS group, C) Center of Mass displacement and rate of torque 
production in the control group, D) Center of Mass displacement and rate of torque production 
in the control group. R values and p-values are included in the figures.  
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The Influence of Concussion History on Reactive Balance Performance 
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Introduction 
Concussion history has been associated with worse outcomes 
after future injuries, such as increased recovery time [1] and 
postconcussion syndrome [2], as well as persistent 
neurocognitive [3] and motor deficits, such as increased 
intracortical inhibition [4] and a more conservative gait [5]. 
Standard clinical testing may be insufficient to detect lingering 
deficits associated with previous concussions [6]. 
 Athletes frequently need to recover balance after an external 
disturbance, but little it known about concussion’s effects on 
reactive balance, and reactive balance is not currently part of 
standard clinical testing. While some studies have indiciated 
lifetime incidence of concussion (i.e., concussion history) can 
impair postural control [6], there is little research on balance 
performance in regard to concussion history. Therefore, the goal 
of this study was to examine the relationship between concussion 
history and reactive postural responses in collegiate athletes. 
  
Methods 
Reactive postural responses in 98 collegiate athletes (F=42, 19.29 
(1.60) years, 23.56 (3.29) kg/m2) were assessed using the Push 
and Release (P&R)  in four directions (forward, backward, right, 
left), with eyes closed, under single (ST) and dual task (DT, 
concurrent cognitive task) conditions. The P&R is a clinical test 
that examines reactive postural responses and compensatory 
stepping behavior after a loss of balance (Figure 1). Inertial 
sensors (Opal, APDM, Portland, OR; 128 Hz) on the sterum, 
lumbar, right tibia, and feet were used to assess step initiation 
latency and time to stabilization (TTS) (Figure 2). A sensor on 
the tester’s hand was used to determine release time. Participants 
were sorted into groups based on number of lifetime concussions 
(Table 1) and time since last concussion (Table 2). ANOVAs 
(!=0.05) were used to compare latency and TTS, under each 
condition (ST, DT), between groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Left: P&R prior to release with center of mass behind 
heels. Right: After support was removed, participant recovered 
using a backward step. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Acceleration data from lumbar (black), right foot (red), 
and left foot(blue). Support was released at time 0 (solid yellow). 
Step initation latency (dashed blue) and time to stabilization 
(dashed yellow) are marked.   
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Table 1. Participants separated by number of lifetime 
concussions. 
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Table 2. Participants with concussion history separated by time 
since last concussion. 
 
Results and Discussion 
There was no significant difference between groups of lifetime 
concussions in ST latency (p=0.35), ST TTS (p=0.28), DT 
latency (p=0.60), or DT TTS (p=0.64) (Figure 3). There was also 
no significant difference between groups of time since 
concussion in any of the outcome variables (Table 3). Unlike 
previous studies, demonstrating a negative influence of 
concussion history on physical and cognitive performance, these 
results suggest that concussion may not have long-lasting effects 
on reactive postural responses. Alternatively, our test may not be 
sensitive enough to detect longterm deficits due to test 
administrator variability in the lean angle of the participant. 
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Figure 1: Latency and time to stabilization (mean, SD) 
separated by number of lifetime concussions and task.  
 

Time Since 
Last 

Concussion 

ST 
Latency 

(ms) 

DT  
Latency 

(ms) 

ST 
TTS 
(ms) 

DT 
TTS 
(ms) 

Within 1 
year (n=6) 

146 
(28) 

207 (26) 987 
(139) 

1087 
(145) 

1-5 years 
(n=17) 

139 
(22) 

188 
(45) 

1072 
(325) 

1211 
(273) 

5+ years 
(n=6) 

164 
(32) 

209 
(46) 

979 
(177) 

997 
(130) 

! 0.14 0.70 0.46 0.11
Table 3: Latency and time to stabilization separated by time 
since last concussion and task. Data presented as mean (SD). 
 
Significance 
These findings suggests that lifetime history of concussion does 
not impact reactive balance performance in collegiate athletes. 
However, the relationship between concussion history and 
balance performance, especially across sport-relevant tasks, 
remains unclear. Future research should examine both reactive 
and static balance performance in relation to acute concussion 
and concussion history..  
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INTRODUCTION 
 

Sensory reweighting, the ability to change the 
relative contribution of visual, vestibular and 
proprioceptive systems to balance in response to a 
changing environment, is critical to balance 
maintenance [1]. The cerebellum contributes to 
sensory re-weighting through its white matter 
connections to the brainstem, the cerebellar 
peduncles by receiving proprioceptive and vestibular 
information with the inferior cerebellar peduncle 
(ICP), visual information with the middle cerebellar 
peduncle (MCP) and sending information to motor 
centers in the nervous system with the ICP and 
superior cerebellar peduncle (SCP). People with 
multiple sclerosis (PwMS) have impairments in both 
sensory reweighting [2] and white matter 
microstructure of the cerebellar peduncles [3]. The 
purpose of this study was to examine associations 
between the white matter microstructure of the 
cerebellar peduncles and balance performance 
during sensory-manipulated conditions to elucidate 
the extent of cerebellar-regulated balance in PwMS.  
 
METHODS 
 

Twenty-four PwMS (17 female, 7 male) and twenty-
one age- and gender-matched neurotypical 
participants (HC) (16 female, 5 male) underwent the 
Clinical Test of Sensory Integration on Balance in 
the clinically designed order: rigid surface, eyes open 
(C1); rigid surface, eyes closed (C2); compliant 
surface, eyes open (C3); compliant surface, eyes 
closed (C4) condition for one, 30 second trial while 
standing on a portable force plate and diffusion-
weighted imaging. Standing balance performance 
was quantified with center of pressure-derived 
measures of path length and root mean square of 
sway (RMS). Cerebellar peduncle white matter 
microstructure was assessed with diffusion weighted 
imaging-derived outcomes of fractional anisotropy 

(FA), a normalized measure of diffusion where 
higher values indicate better overall tract quality and 
radial diffusivity (RD), a measure of diffusion 
considered an indirect marker of neural myelination 
where lower values indicate better tract-specific 
myelination.  
 
RESULTS AND DISCUSSION 
 
PwMS exhibited significantly greater path length 
and RMS across all sensory-manipulated conditions, 
demonstrating worse balance than HC (Figure 1). 
We detected significantly lower FA and greater RD 
across all cerebellar peduncles in PwMS, showing 
that PwMS possess worse cerebellar peduncle white 
matter microstructure compared to HC (Figure 2). 
Notably, we found a significant group by condition 
interaction where PwMS displayed greater RMS in 
C4, indicating that PwMS have differentially worse 
vestibular-based balance than HC. We found 
significant associations between FA of the ICP and 
path length in C2 in PwMS, demonstrating that the 
microstructure of the cerebellar peduncle carrying 
proprioceptive information is related to 
proprioceptive-based balance in PwMS (Figure 3). 
PwMS also exhibited significant associations 
between both FA and RD of the MCP and path length 
in C3, indicating that the microstructure of the 
cerebellar peduncle carrying visual information is 
related to visual-based balance in PwMS (Figure 4). 
Both HC and PwMS exhibited significant 
associations between the microstructure of the 
cerebellar peduncle carrying vestibular information 
and vestibular-based balance where RD of the ICP is 
associated with path length in C4 in HC and FA of 
the ICP is associated with RMS in PwMS. No 
significant associations were detected between SCP  



microstructure and balance performance in any 
condition in either group.  
 
CONCLUSIONS 
 

Our findings suggest that PwMS may place a greater 
reliance on cerebellar-regulated proprioceptive- and 
visual-based balance control and demonstrate worse 
vestibular-based balance than HC. Data propose that 
PwMS are at a higher risk of imbalance when their 
daily environment limits their visual and 
proprioceptive information and suggest that PwMS 
may rely more on cerebellar-regulated balance while 
navigating their daily environment, indicating 
potential utility in cerebellar-targeted rehabilitation 
strategies for balance improvement.  
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Figure 1. PwMS have significantly worse RMS than HC 
across all conditions (F1,3 = 5.41; p<0.05) and specifically 
in C4 (F1,3 = 4.08; p<0.01). 

 
 

 

Figure 3. FA 
of the ICP is 
significantly 
associated with 
path length in 
the 
proprioceptive-
based balance 
task in PwMS 
(rho = -0.48, 
p<0.01) and 
not in HC (rho 
=-0.07, 
p 0.05) 
 

Middle CP structure  Visual-based balance  & Inferior CP structure   & Proprioceptive-based balance  Inferior CP structure  

 

Figure 2. PwMS display significantly greater FA across 
all cerebellar peduncles compared to HC (F1,2 = 8.26, 
p<0.01) 

Figure 4. RD of 
the MCP is 
significantly 
associated with 
path length in 
the 
proprioceptive-
based balance 
task in PwMS 
(rho = 0.39, 
p<0.01) and not 
in HC (rho 
=0.28, p 0.05) 
 

HC PwMS 
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INTRODUCTION 
Gait dysfunction after stroke predisposes individuals 
to increased risk for falls1. Chronic stroke survivors 
show increased gait variability. Greater gait 
variability is associated with increased risk of falling 
and reduced mobility in older adults2. Common 
locomotor interventions including strengthening and 
task-specific after stroke predominantly report 
training-related gains in global gait measures such as 
self-selected walking speed or fast walking speed3,4. 
Whether rehabilitation can reduce gait variability in 
chronic stroke survivors is not known. The purpose 
of our study was to compare the effect of strength 
training and motor control training on gait variability 
in chronic stroke survivors. 
 
METHODS 
Participants: Twenty-two chronic stroke survivors, 
(age 64.92±12.71 years; time since stroke = 6.03 ± 
5.11 years) and were randomly assigned to one of the 
two training groups – (1) ankle strength training (ST) 
and (2) ankle force control training (FT).   
Interventions: All participants received 4 sessions of 
training over a period of 4 weeks. The ST comprised 
of fast motor contractions at 65, 70, 75, and 80% of 
MVC on successive sessions. The FT comprised of 
performing a sinusoidal force tracking task at 0.5, 
0.1, 0.2, and 0.1+0.2 frequency on successive 
sessions at target force ranging from 10 to 20% of 
MVC. All participants received training for both 
paretic and non-paretic limbs.  
Outcome measures: We measured following 
variables before and after intervention for both the 
limbs: 1) ankle plantarflexion and dorsiflexion 
strength quantified as maximum voluntary 
contraction (MVC) force, 2) ankle motor control 
quantified as the motor accuracy (root mean square 
error, RMSE) and variability (standard deviation, 

SD) of ankle movement while performing a visuo-
motor tracking task, and 3) stride length variability 
of each limb, and mean stride length variability of the 
two limbs. Stride length variability was quantified as 
coefficient of variation (CV) during over-ground 
walking.  

We compared the effect of training on all outcome 
measures across the ST and FT groups by a 2 x 2 
mixed model analysis of variance with time (pre-
training and post-training) as within-group factor, 
and training group (ST and FT) as between-groups 
factor. Significant interactions were followed-up 
with post-hoc Bonferroni test. All analyses were 
performed for both the limbs; however, the results 
focus on the effects of training on the paretic limb. 

RESULTS  
Ankle strength: For plantarflexion strength, we found 
a significant time x training type [F (1, 19) = 4.83, p 
= 0.04]. Post-hoc comparisons showed that ST group 
had a significant increase in plantarflexion MVC 
after training (p = 0.001) whereas, in the FT group, 
there was no change in plantarflexion MVC (p > 
0.05) (Figure 1A).  For dorsiflexion strength, time x 
training type interaction [F (1, 19) = 3.07, p = 0.09] 
trended towards significance. Bonferroni post-hoc 
comparisons showed that there was no effect of 
training on dorsiflexion MVC in the FT group. 
However, the dorsiflexion MVC significantly 
increased post training in ST group (p = 0.017). 
 
Ankle accuracy: We found a significant time x 
training type interaction [F (1, 17) = 6.49, p = 0.02]. 
Post-hoc analysis showed that ankle RMSE 
significantly reduced after training in the FT group 
(p = 0.00), but not in the ST group (p > 0.05) (Figure 
1B).  

mailto:neha.lodha@colostate.edu


Figure 1. Mean change in (A) plantarflexion strength 
(MVC), (B) ankle accuracy (RMSE), and (C) stride 
length variability of the paretic limb in strength 
training and force-control training groups. **p < 
0.01, *p < 0.05. 

Ankle variability: There was a significant main effect
of time for ankle variability of the paretic leg [F (1, 
17) = 5.86, p = 0.02], suggesting that paretic ankle 
SD reduced after training. 

Stride length variability: For stride length variability 
of the paretic leg, there was a trend towards time x 
training type interaction [F (1, 20) = 3.69, p = 0.06]. 
Post-hoc comparisons showed that within the FT
group, stride length variability of the paretic leg 
reduced after training (p = 0.04) (Figure 1C). 
However, the ST group showed no change in stride 
length variability of the paretic limb (p  0.05). 

We found a trend towards time x training type 
interaction for mean stride length variability [F (1, 
20) = 3.92, p = 0.062]. Post-hoc analysis showed that 
mean stride length variability significantly reduced 
with training in the FT group (p = 0.02), but there 
was no change in the ST group (p  0.05). 

DISCUSSION & CONCLUSIONS 
Our study demonstrates training-specific gains in 
ankle strength and motor control of the paretic limb 
in chronic stroke. Ankle plantarflexion strength 
improved in the ST group whereas, FT group showed 
improved ankle motor control seen by increased 
accuracy of ankle movement. Both FT and ST 
training reduced ankle movement variability. 
However, only the FT resulted in improved gait 
variability seen as reduced stride length variability of 
the paretic leg and reduced mean stride length 
variability. While strength training reduced motor 
variability, force control training that improved 
accuracy as well as steadiness of motor output, was 
superior in reducing gait variability. Thus, re-
training lower limb motor control rather than
strength may be more effective in reducing gait 
variability, and thereby lowering fall risk in chronic
stroke survivors.  
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INTRODUCTION 
Multi-segment foot (MSF) models have 
become a common tool in human 
movement research and clinical gait 
laboratories, allowing for the analysis of 
detailed foot kinematics. MSF kinetics have 
shown potential for additional insight into 
foot joint stresses and energy usage but are 
sparsely investigated in the literature due to 
limitations in partitioning vertical and 
horizontal force plate data to obtain 
segment ground reaction forces (GRFs) (1) 
(2) (3). Advancements in shear sensing 
technology now allow for the direct 
measurement of plantar pressure and shear 
stress distributions (4). The purpose of this 
work is to develop a system for integrating 
3D motion capture with a plantar pressure 
and shear sensor in order to obtain MSF 
kinetics. The system process is presented 
and demonstrated using MSF net moment 
and power profiles for one healthy subject 
during the stance phase of gait.  

MOCAP-PASS SYSTEM (FIGURE 1) 
Hardware consists of a 10-camera motion 
capture (MoCap) system (Qualisys, Sweden) 
and a pressure and shear sensor (PASS) 
(ISSI, OH). The PASS hardware has been 
described in detail previously (4) (5). Briefly, 
it consists of a shear sensitive film that is 
monitored by a camera placed underneath it, 
and a force plate (AMTI, MA) for calibration. 
Temporal synchronization between MoCap 
and PASS occurs using the force plate 
amplifier trigger. Spatial synchronization was 
accomplished using a digitizing pointer to 
determine alignment offsets between MoCap 
and PASS reference frames. Data collected 

from MoCap and PASS are processed in 
custom LabView (National Instruments, TX) 
and Visual 3D software (C-motion, MD). 

GRF CONSTRUCTION AND INVERSE 
DYNAMICS 
First, a composite image (footprint) is 
created from peak pressure data. Next, 
segment regions of interest (ROIs) (Figure 2) 
are anatomically masked (6) by projecting 
MoCap marker trajectories onto the footprint. 
For demonstration, these markers 
correspond to a previously published 3-
segment kinetic MSF model (7). ROIs match 
the model segments, with ROI boundaries 
aligning with joint centers. Anatomical 
masking does not perfectly delineate 
boundaries between the metatarsal head 
and phalanges and are thus manually 
adjusted. This step will be automated using 
computer vision edge detection tools in 
future efforts. Segment GRFs are then 
calculated from the pressure and shear 
distributions contained in the ROI. Segment 
center of pressure is calculated as a 
weighted average of all pressure pixels, 

MoCap 

GRF Construction 
(LabVIEW) 

Inverse  
Dynamics 
(Visual 3D) 

PASS 
Figure 1. Hardware and software system 
overview. MoCap and PASS are used to 
construct segment GRFs. MoCap and GRFs 
are used for inverse dynamics calculations. 



while segment free 
moment is 
calculated as the 
summed cross 
product of each 
shear stress pixel 
and its distances 
from the center of 
pressure. Finally, 
segment GRFs are 
exported and 
combined with 
marker trajectories 
in Visual 3D and 
moments and 
powers are 

calculated for each foot joint (ankle, 
midtarsal, and first metatarsophalangeal 
(MTP) joints in this demonstration).  

DEMONSTRATION AND FUTURE 
DIRECTIONS 
Data from one healthy subject (22 yr., male, 
191 cm, 90.6 kg) was used to illustrate 
methodology and results. The subject 
walked across the PASS (50 Hz) at a fast 
walk (1.6 m/s) monitored by timing lights 
(Brower, Utah) while MoCap was collected 
simultaneously (100 Hz). This case (Figure 
3) illustrates that midtarsal positive power 
can be greater than ankle power and the 
MTP joint can contribute slightly to 
propulsion in midstance prior to absorbing 
energy towards terminal stance. Ultimately, 
MSF joint kinetics will increase knowledge of 
foot mechanics and aid in the diagnosis and 
treatment of foot related pathologies and 
applications. 
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Figure 2. Anatomical masking 
of a 3-segment kinetic model 
based on trajectory locations. 

Figure 3 Moment and power profiles from Visual 3D for the ankle, midtarsal and MTP joints. The MTP joint exhibited some power 
generation at midstance despite being largely absorptive before terminal stance. 
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INTRODUCTION 
Thermoregulation is a vital function of the nervous system in 
response to cold or heat stress, previous studies have 
demonstrated that foot temperature can significantly increase 
from pre- to post-activity [1, 2]. Though these temperature 
fluctuations may not be a problem for healthy individuals, 
negative consequences may arise for individuals that are 
unable to properly thermoregulate, such as diabetics [3].  
 
Shear forces have been proposed as potentially having a direct 
influence in  foot temperature (i.e., change in temperature 
pre- to post activity). Technical challenges associated in 
measuring shear have hampered further research [4]. Recent 
studies utilizing custom shear force plates have revealed the 
influence of shear on  foot temperature within the forefoot 
segment [5]. Another method of potentially exploring this 
relationship is through curved path walking which has been 
shown to have higher magnitudes of shear compared to 
straight line walking [6]. Toe-walking on a standard force 
plate in particular, may be one method of exploring this 
relationship while mitigating the influence of shear forces 
from adjacent segments onto the forefoot segment. 
 
The purpose of this study is to investigate the thermal 
response of the foot to varying magnitudes of shear forces 
during barefoot curved-path toe-walking. We hypothesized 
that foot temperature increase will be related to a greater shear 
force (i.e. a higher magnitude of shear will occur for a smaller 
radius). We also hypothesized that the external foot will 
experience greater shear and thus have a higher temperature 
increase compared to the internal foot. 
 
METHODS 
14 retroreflective markers were placed on the feet to quantify 
motion. Pre-walking temperature measurements were taken by 
a thermal imaging camera (Figure 1A), prior to the first 
walking condition and between each condition. Subjects 
walked on force plates with barefeet, on their toes for 5 
minutes at a speed of 1.0 m/s for three radii (1.0, 1.5, and 2.0 
m). Speed was controlled using a light timing system. After 
post-trail assessments (Figure 1C), the subject’s feet were 
cooled with 70% isopropyl alcohol and the subject was rested 
for 20 minutes. The entire foot region was defined manually 
by tracing the outline of each foot, performed by one 
researcher using the thermal camera software. The forefoot 
region was defined by manually tracing and encapsulating: the 
toes, the first and fifth metatarsal heads. 
 
A linear mixed effects (LME) model analysis was used to 
determine the relationship between the shear encountered at 
the foot and the thermal response of the foot ( =0.05). To 
determine differences between limbs a 2-way ANOVA was 
performed utilizing limbs and the radii condition as factors. In 
order to account for ground contact time, shear impulse was 
extrapolated to the entirety of the 5-minute trial. The LME 

was thus performed on temperature as a function of the 
accumulated shear impulse. 
      

     
Figure 1: (1A) Pre-trial baseline temperature measurement. 
(1B) Subjects walked for 5 minutes on their toes in each of the 
three marked radii of curvature on the floor (1.0, 1.5 and 2.0 m). 
(1C) Post-trial temperature measurement. 
 
RESULTS AND DISCUSSION 
There was a significant effect of the radii condition on the 
resultant shear impulse (df=2, F= 3.42, p = 0.04). The largest 
radii (2.0 m = 13.94 ± 2.80 N/bw s) had a significantly smaller 
shear impulse than the smallest radii (1.0 m = 15.34 ± 2.88 
N/bw s) (p = 0.04). The external limb had a greater resultant 
shear impulse compared to the internal limb (p < 0.0001). No 
significant main effect of limb side was observed in  entire 
foot temperature (p= 0.18) nor in the forefoot (p= 0.26). 
 
Shear impulse was positively associated with entire foot 
temperature (p < 0.001), and forefoot temperature (p < 0.001), 
in which every unit of increase in shear (normalized to body 
weight) increased the entire foot and forefoot temperature by  
0.08 C ± 0.02 S.E. and by 0.14 C ± 0.039 S.E., respectively. 
 
CONCLUSIONS 
Our first hypothesis was supported where  foot temperature 
increased as shear magnitude increased. This is further 
supported through the regression analysis of the forefoot 
region, where the shear forces were presumably acting, 
yielding a higher sensitivity to temperature increase compared 
to the entire foot. Our second hypothesis was partially 
supported as shear magnitude was higher in the external limb 
compared to the internal limb though temperature was not 
significantly different between limbs.  
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INTRODUCTION  
Practicing yoga has become increasingly popular, 
with approximately 37 million practitioners in the US 
alone in 2016 [1]. Benefits of practicing yoga include 
improvements in physical health such as increased 
strength [2], flexibility [2,3], balance [3], weight 
control [4], and cardiac functioning [2]. Along with 
these benefits, there is also inherent risk of injury.  
 
Soft tissue injuries due to regular yoga practice are 
all too common [5]. A potential link exists between 
depth of a posture and increased risk of injury. Joint 
moments provide insight into the musculoskeletal 
requirements of a task where greater internal joint 
moments correspond to greater muscular and 
ligamentous demands. If demands increase beyond 
one’s injury threshold, an injury will occur. Joint and 
muscle stiffness are also metrics believed to correlate 
with injury, where decreased stiffness may allow for 
excessive joint motion leading to soft tissue injuries 
while increased stiffness may lead to soft tissue and 
bony injuries [6]. The moment-angle relationship 
corresponds to muscle stiffness, with a greater slope 
correlating to a greater stiffness [7]. Consequently, 
examining the moment-angle relationship during 
yoga can provide insights into stiffness that may lead 
to injuries. Indeed, joints are often stressed to the 
point of injury during yoga, with the knee and hip 
accounting for approximately 30% of body injuries 
[8]. The Triangle pose has been identified as one of 
the most common postures associated with 
sustaining knee and hip injuries [9]. 
  
Therefore, the purpose of this project is to establish 
loading metrics for the Triangle pose and to identify 
how systematic postural adjustments may alter lower 
extremity joint loading. We hypothesize that 
increasing stance width will increase joint moments 
and stiffness as measured by the moment-angle 
relationship in the ankle, knee, and hip joints.  
 

 
METHODS  
16 yoga practitioners of varying expertise (13F, 3M; 
23 ± 5.7 years; 1.69 ± 0.09 meters; 67.8 ± 12.0 kg) 
volunteered for this study. Participants performed the 
Triangle pose twice to both the left and right sides in 
each of the following conditions: self-selected (SS) 
stance width, determined by averaging three stances 
selected by the subject from the medial aspect of the 
trailing foot to the heel of the leading foot, and ±10%, 
±20%, and ±30% of SS stance width, presented in 
random order (Figure 1).  

Figure 1: Depiction of triangle pose conditions that are a. less than self-
selected (SS) width, b. average SS width, and c. greater than SS width.  
 
Each participant had 38 tracking markers placed on 
the trunk, pelvis, and bilaterally on the thighs, shanks, 
and feet to define the body segments and create a 
dynamic 3D linked rigid body model. A motion 
capture system (NDI, Waterloo, ON) captured marker 
kinematic data at 100Hz, while an instrumented 
treadmill (Bertec, Columbus, OH) captured ground 
reaction forces at 1000Hz. Joint angles were 
calculated from marker data and joint moments were 
calculated using inverse dynamics in Visual3D (C-
Motion, Germantown, MD).  
 
For each condition, participants were asked to enter 
the pose, hold the pose for approximately five 
seconds, and return to the starting position. Ankle, 
knee, and hip moments were averaged from the 
middle 3-seconds of the hold period, and slopes from 
the moment-angle relationships were calculated 
during the time when participants entered the pose. 
Data for 3D joint moments at the ankle, knee, and hip 
as well as the moment-angle relationship in both the 



leading and trailing limbs in each condition were 
averaged from four trials (two trials with the left limb 
leading and two trials with the right limb leading). 
 

RESULTS AND DISCUSSION  
For the trailing limb, the knee and hip abduction 
moments decreased as subjects increased their stance 
width, while ankle abduction moments increased 
(Figure 2). These knee and hip moment trends do not 
support our hypothesis. For the leading limb, hip and 
knee flexion moments increased while ankle 
dorsiflexion moments decreased with wider stance 
widths (Figure 2). The increase in the trailing ankle 
abduction moment and leading knee and hip flexion 
moment with wider stance width supports our 
hypothesis that increased stance width would increase 
joint moments. Together these data suggest that 
leading and trailing limb joint loading can respond 
differently to alterations in stance width. Increasing 
stance width may increase injury risk for the leading 
limb but reduce it for the trailing limb. Therefore, 
stance width could be increased if there is an injury in 
the trailing knee or hip joint and decreased in the 
leading knee or hip joint. 
 
When entering the triangle pose, the trailing limb hip 
joint ab/adduction moment-angle slopes had a 
negative trend indicating greater hip adduction angles 

resulted in greater hip abduction moments. A wider 
stance width produced a shallower slope, suggesting 
lower muscle and joint stiffness in the trailing limb 
(Figure 3). These results do not support our 
hypothesis that increased stance width would yield a 
larger slope thus increasing muscle stiffness. It 
appears the trailing limb stiffness increases with 
narrowing stance width, suggesting that narrowing 
stance width does not necessarily unload the joint and 
could also lead to increased risk of injury. In this 
instance, stance width could be increased to reduce 
hip joint stiffness in the trailing limb (Figure 3).  
 

CONCLUSIONS 
Based on observed trends, it can be concluded that 
depending on the limb, recommendations can be 
made to reduce the joint moment and stiffness in 
those with lower limb injuries who still want to 
practice yoga and the triangle pose. It should be noted 
that specific joints differ in moment and stiffness 
trends for both the leading and trailing limb. With 
this, evidence-based findings can provide insight for 
yoga practitioners to implement into their practice.  
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Figure 2: Average internal ankle, knee, and hip joint abduction 
moments for the trailing leg, along with the leading leg flexion 
moments for each stance width condition. 
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Figure 3: Hip joint ab/adduction moment versus angle in the leading leg 

for a single subject while entering the triangle pose. Linear trends 
graphed for each condition in order to analyze and compare slopes. 
Greater slope magnitude indicates greater muscle stiffness. 
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INTRODUCTION 
Controlling an upright bipedal position is a 
temporally complex initiative carried out through 
afferent sensory inputs and efferent postural 
corrective outputs. Whether attempting to stand as 
still as possible or ambulating across the room, our 
sensory feedback systems (i.e. proprioceptive, 
vestibular, and visual systems) are constantly 
relaying information throughout the central nervous 
system for the construction and execution of motor 
corrections [1] to attain postural control. In an ideal 
environment (i.e. a well-lit room, on a rigid surface) 
the neurotypical adult has shown to weight the 
sensory system inputs as 70%, 20%, and 10% for the 
somatosensory (i.e. proprioceptive), vestibular, and 
visual, respectively [2]. When the information 
pathway is degraded or impeded (via lesions) as in 
people with multiple sclerosis (PwMS), postural 
deficits are generated, thereby amplifying the risk of 
a fall or injury [3]. Thus, the aim of this investigation 
was to assess the quality of the microstructural 
architecture comprising the cortical sensorimotor 
pathway and identify associations to multi-
dimensional postural control measures in both 
neurotypical and -atypical (PwMS) adults. 
 
METHODS
Neurotypical adults (21 females & 8 males; 47 ± 15 
years) and PwMS (20 females & 7 males; 48 ± 12 
years) performed the modified Clinical Test of 
Sensory Interaction on Balance (mCTSIB), a clinical 
assessment of postural control that manipulates 
sensory feedback. Center of pressure (CoP) measures 
were acquired (25Hz) with a BTrackS portable force 
plate and postural control was quantified via Time-
to-Boundary (TTB), a novel and comprehensive 
metric to evaluate postural control of balance by 
assessing the instantaneous velocities and positions 
of the center of pressure [4]. White matter 
microstructural integrity of the sensorimotor 
pathway encompassing the corticospinal (efferent) 
and posterior column-medial lemniscus (afferent) 
tracts was evaluated with diffusion tensor imaging. 
Radial diffusivity (RD), an indirect marker of 

myelination, was utilized as the primary outcome 
measure of white matter microstructural integrity. 
 
 
RESULTS AND DISCUSSION 
A repeated measures analysis of variance revealed a 
significant main effect for mCTSIB condition (p = < 
0.001) and group (p = 0.018) for anterior-posterior 
(AP) TTB (Fig. 1), however, no significant group by 
condition (p = 0.080) interaction was observed. In 
the medial-lateral direction, a significant main effect 
for condition (p = < 0.001) was identified, but no 
significant group (p = 0.191) or group by condition 
interaction (p = 0.430).  
 

 

Figure 1 | Time-to-boundary for each of the four 
conditions tested with the imCTSIB in the anterior-
posterior direction. PwMS presented shorter AP average 
TTB durations across all four conditions compared to 
neurotypical, indicating a reduced amount of time to 
make postural corrections (i.e. poorer postural control. 
Plotted data is represented with means (underlying bar 
plot) and individual values (PwMS: closed circles and 
neurotypical: open triangles). 



For cortical sensorimotor pathway fiber tract (Fig. 
2A and 2B [5]) microstructural integrity, we report 
that PwMS displayed significantly higher RD values 
(p = 0.008) compared to neurotypical adults, 
indicating poorer tract quality (Fig. 2C). Of the four 
examined mCTSIB postural conditions, only the 
third, proprioceptive-based condition was 
significantly correlated with the quality of the 
sensorimotor pathway fiber tracts (shown in Fig. 3).  
 
CONCLUSIONS 
This is the first study to establish connections 
between microstructural integrity of the cortical 
sensorimotor pathway and postural control 
performance via multi-dimensional measures. 
Observed indications specify that PwMS have 
decreased multi-dimensionally derived postural 
control across all four postural conditions and poorer 
white matter microstructural integrity of the cortical 

sensorimotor pathway compared to an age- and 
gender-matched neurotypical cohort. Additionally, 
fiber tract integrity of the cortical sensorimotor 
pathway appears to be moderately associated with 
poorer postural control in a clinical population that 
displays proprioceptive deficits. 
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Figure 2 | Diminished cortical sensorimotor pathway microstructural integrity in PwMS. (A) Axial and (B) 
coronal views of the ICBM-152-based cortical sensorimotor white matter pathway atlas [5]. (C) PwMS demonstrated 
significantly greater radial diffusivity of the sensorimotor pathway white matter fiber tracts compared to neurotypical 
adults. Data are mean (± SD); ** significant group difference at p-value < .01.  

Figure 3 | Associations between 
cortical sensorimotor pathway 
microstructural integrity and 
postural control via multi-
dimensional quantification in PwMS. 
Poorer microstructural integrity of the 
proprioceptive (corticospinal) tracts 
were associated with poorer postural 
control. Two PwMS failed to complete 
the compliant surface/eyes closed 
imCTSIB condition and were negated 
from the correlation. 
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INTRODUCTION 
 
Falls with serious injury are consistently among the 
top 10 reported sentinel events. Patient falls in 
healthcare settings result in unnecessary financial 
costs to both patients and the healthcare system as 
well as increased morbidity, length of stay, and 
reduced quality of life [1]. The existing fall risk 
assessment tools have an acceptable level of 
sensitivity and specificity, however, they only 
consider intrinsic factors and medications, making 
the prediction very limited in terms of how the 
physical environment contributes to fall risk [2, 3]. 

The aims of this study are to identify factors in 
physical environments that contribute to patient falls 
in hospitals and to propose a computational model to 
evaluate patient room designs. We believe our model 
can provide guidance for healthcare decision makers 
to optimize effective environmental interventions to 
reduce risk of falls while promoting safe patient 
mobility in the hospital room environment. 
 
METHODS 
 
We categorize the contributing factors into static and 
dynamic factors. We only focus on extrinsic factors 
and assume we can use one of the existing fall 
assessment tools for intrinsic factors.  
 
Static factors are based on the room layout and 
include floor type, lighting, door operation and the 
effect of supporting objects. Based on these factors, 
we find the room baseline evaluation which is 
calculated as the product of all static factors (Fig. 1).  
 
Dynamic factors include patient motion in the room 
such as gait properties and the type of activity. To 
include these factors, we predefine a set of common 
scenarios such as transition from bed to toilet, or 
patient chair to bed. We predict trajectories for all 
scenarios and evaluate them based on the calculated 
baseline and the effect of dynamic factors (Fig. 2).  

 
Figure 1.  Static factors included in the baseline fall risk 
evaluation. 

 
Figure 2. Motion evaluation process for a given scenario 
(here the scenario is bed-to-toilet). (a) To generate each 
trajectory, we sample two points, one close to the initial 
object and the other close to the target object. (b) We use 
an optimization to find a trajectory from the start state to 
the end state based on two main assumptions: human 
motion is optimal and the frail-elderly try to move closer 
to external supporting points. (c) We find the associated 
type of activity for each point on the trajectory based on 
the defined sitting zones around objects (green: sit-to-
stand, blue: walking, pink: stand-to-sit). (d) Finally, we 
evaluate each point on the trajectory combining the 
baseline evaluation and the trajectory factors. 
 
Finally, we combine the baseline and motion-based 
evaluation to obtain the overall risk evaluation for 
the entire room. 



RESULTS AND DISCUSSION 

Figures 3 presents the results for one of the example
designs we used for evaluation. We show the effect 
of static factors in the first row, the baseline 
evaluation in the second row, a few samples of 
generated trajectories with their evaluation in the 
third row, and the final evaluation which is a 
combination of static and dynamic factors in the last 
row of the figure. We separate day and night by 
having ambient light in both the main section and the 
bathroom for day, and only having a night light in the 
bathroom for night. We can see the effect of lighting 
using these two versions.  

In addition, results show the importance of the 
supporting characteristics of objects in the room. For 
instance, the bed is used as a supporting object, so 
risk of fall is decreased around it. Although there are 
reports that show many falls occur near the bedside, 
however, we believe that this may be related to other 
factors such as medications or orthostatic 
hypotension that can occur when standing up after 
lying or sitting down. These types of effects should 
be accounted for in patient-specific assessment 
which is a subject of future work.  

The effects of door operation and flooring show that 
they mostly change risk of fall in transition from the 
main section to the bathroom, suggesting that more 
support is needed in that area. 

Comparing the baseline and final evaluations, we see 
the effect of patient motion. Since we have assumed 
higher risk during walking, we see riskier area in the 
path from the bed to the toilet. A shorter distance 
from the bed to the toilet means less unsupported 
walking distance which leads to lower risk of fall.  

CONCLUSIONS 

Results from the proposed model show the capability 
of computational models to provide more objective 
and detailed evaluations of fall risk in patient rooms. 
However, the significant gaps in available literature 
for both identifying contributing extrinsic factors and
providing structured conclusions on real effects of
studied factors makes it more challenging. 

Moreover, the model itself can be improved once we 
gain more knowledge for each factor by using more 
accurate functions to define the effects of each factor,

Figure 3.  Results for a hospital patient room with inboard 
patient bathroom located on the headwall 

adding secondary factors such as the toilet visibility 
from the bed to complete model, using machine 
learning techniques for motion prediction and 
considering intrinsic factors to customize our 
evaluation for a certain population.  
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INTRODUCTION 
Previous research has shown that running likely 
alters knee articular cartilage morphology (i.e., 
cartilage thickness and volume; [1]). Anterior knee 
pain (AKP) is common for individuals who run; 
however, it is unclear how/if AKP alters the effects 
of running on articular cartilage morphology. 
Magnetic resonance imaging (MRI) is an accurate 
and reliable way to quantify thickness and volume of 
knee articular cartilage [2]. The primary purpose of 
this pilot study was to evaluate the feasibility of 
methods to be used in a larger study designed to 
elucidate the effects of running with AKP on knee 
cartilage morphology. We hypothesized that AKP 
would alter the effects of running on knee articular 
cartilage morphology (i.e., thickness and volume).  
 
METHODS 
• 5 females and 5 males (Age = 24 ± 2 yrs; Height = 

173 cm ± 11 cm; Mass = 68.4 kg ± 10.3 kg) without 
knee injury or disease completed 3 experimental 
sessions (control (C), sham (S), and pain (P)) on 
separate days. 

• All sessions involved a 60-min run, with the pain 
and sham sessions involving a hypertonic and 
physiological saline infusion, respectively, into the 
infrapatellar fat pad [3], throughout the run. 

• Subject-perceived AKP was measured every 3 min 
using a 100-mm visual analog scale. 

• Subjects underwent MRI before and after the run, 
using a Siemens 3T Tim Trio, with a designated 8 
channel knee coil. 3D DESS scans were obtained: 
TR/TE = 16.3/4.7 ms, matrix = 384 × 307 with 160 
slides, FOV = 140 × 140 mm, flip angle = 25˚. 

• 20 slices on the medial and femoral condyles were 
automatically segmented and then manually 
adjusted when necessary. 

• Potential effects of session (C, S, and P) and time 
(pre- and post-run) on AKP, and medial and 
femoral articulate cartilage thickness and volume 
were evaluated using a MANOVA approach.  

 
RESULTS AND DISCUSSION 
As expected, a main effect of session was observed 
for AKP (p < 0.01). Subject-reported AKP was 
greater during the P session relative to both the C and 
S sessions (Figure 1). Contradicting our hypotheses, 
there was no significant effect of session (C, S, or P; 
p = 0.88) or time (pre- or post-run; p = 0.95) on 
medial or lateral femoral articular cartilage thickness 
or volume (Figure 2). 
 
Upon examination of our data at an individual level, 
we noted that various subjects responded differently 
to the running; i.e., some subjects increased in 
cartilage thickness, while others decreased, and these 
changes appeared to depend upon the observed 
region as well (i.e., medial condyle, compared to 
lateral condyle). Perhaps, these differences in 
individual response to running are due to different 
characteristics of each subject; previous researchers 
have shown that the influence of physical activity on 
knee cartilage thickness to depend on individual 
characteristics like body mass, height, age, and 
gender [4]. With an increased sample size and more 
controlled variables (e.g., body mass index), we hope 
to be able to draw stronger conclusions regarding 
potential effects of AKP on the influence of running 
on femoral cartilage morphology. Although we did 
not observe any effect of running with AKP on knee 
cartilage morphology, we consider the present 
methods to be a feasible way to evaluate potential 
effects of running with AKP on cartilage 
morphology. 
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Figure 2. Box plots showing mean medial and lateral femoral cartilage thickness (Subplots A and B) and 
volume (Subplots C and D), before (Pre) and after (Post) a 60-minute run. No significant changes occurred 
due to the run for mean medial thickness or volume or mean lateral thickness or volume.  

Figure 1. Subject-perceived AKP levels throughout a 60-
minute run, under three experimental conditions. AKP levels 
were significantly greater throughout the pain session, 
relative to both the sham and control sessions. 
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INTRODUCTION  

Concussions are a form of mild-traumatic brain 
injury (mTBI) that disrupt the brain’s normal 
functions1. The majority of adolescent athletes 
recover from their concussion within a month, 
however, a certain percentage will develop 
persistent post-concussion symptoms, resulting 
in extended time away from sport participation3,4.  

Concussion management guidelines have 
evolved over recent years to de-emphasize rest 
and re-introduce physical and cognitive activity, 
which does not worsen symptoms earlier in 
recovery5. However, optimal post-concussion 
physical activity levels prior to symptom 
resolution are yet to be determined. The purpose 
of this study was to investigate the association of 
Return-to-Play (RTP) timing with physical 
activity and exercise characteristics in 
participants after concussion through RTP 
clearance.  

METHODS 

We conducted an observational, prospective 
cohort study of 22 youth athletes who sustained 
a concussion and were evaluated by Children’s 
Hospital Colorado Sports Medicine providers. 
Participants were evaluated at two time points: 
initial visit (<14 days post-injury) and RTP 
clearance visit. Participants reported concussion 
symptoms at each visit using the Post-
Concussion Symptom Inventory (PCSI). 
Between visits, participants wore an activity 
tracking device (Fitbit Charge 3™). 

Participants were classified based on RTP 
timing: typical RTP was defined as RTP less than 
30 days post-injury, whereas prolonged RTP 
referred to RTP ≥ 30 days. Between group 

comparisons were performed for steps/day, 
exercise frequency, exercise duration, and 
exercise intensity (average and maximum heart 
rate during a workout) using independent 
samples t-tests. We then constructed a logistic 
regression model to assess the independent 
association between activity/exercise outcomes 
and RTP timing while adjusting for the effect of 
initial symptom rating. Statistical significance 
was defined as p < 0.05 for univariable 
comparisons, and as an odds ratio that does not 
cross one for logistic regression models. 

RESULTS 

Within the cohort, 11 (50%) were cleared for 
RTP less than 30 days post-injury. The two 
groups were of similar ages (15.5±1.7 vs. 
15.2±1.6 years of age; p=0.60), proportion of 
females (45% vs. 27%; p=0.66) and past 
concussion history (73% vs. 55%; p=0.66). The 
typical RTP group was cleared 16.0±3.4 days 
post-concussion, while the prolonged RTP group 
required 64.3±28.2 days for RTP clearance. The 
typical RTP group also reported significantly 
lower symptom rating at the initial visit 
compared to the prolonged RTP group (PCSI= 
39.4±24.2 vs. 66.5±2.9; p=0.02). 

Upon univariable examination, the prolonged 
RTP group took fewer steps/day, exercised fewer 
sessions per week, and had shorter duration of 
exercise sessions than the typical RTP group 
(Table 1). There was no between group 
difference in mean maximum HR and mean 
average HR during exercise sessions. After 
adjusting for the effect of initial symptom rating, 
the odds of a participant having a typical RTP 
timing increased with more steps/day and more 
exercise sessions/week (Table 1). 

 



Table 1. Physical activity and exercise variables between adolescents who returned to play in 
less than 30 days following concussion (typical RTP) and those who required a longer duration 
of time (prolonged RTP). Continuous variables presented as means (standard deviations). 
 

* p < 0.05 or 95% CI does not cross one. † Odds ratios are derived from a logistic regression 
adjusting for the independent effect of initial symptom rating. 

CONCLUSIONS 

Among adolescents with concussion, typical 
RTP timing was associated with higher mean 
steps/week, exercise sessions/week, and 
exercise duration between initial clinic visit 
and RTP clearance visit after adjusting for 
initial symptom rating. Higher initial 
concussion symptom rating is well-described 
as a predictor of concussion recovery3. 
However, after controlling for symptom 
score at initial presentation, those who 
recorded more physical activity and exercise 
during recovery had an increased likelihood 
of typical RTP timing. Our study design 
cannot account for causality, given that more 
exercise may have been accompanied by 
lower concussion symptom burden earlier 
post-injury. 

These preliminary results reinforce the utility 
of physical activity in concussion 
management. Further research is needed to 
develop duration-, frequency- and intensity-

specific physical activity level guidelines to 
aid clinicians in the counseling of patients 
during concussion recovery.   

 

Variable Typical RTP (<30 
days post-injury) 

Prolonged RTP 
(≥30 days post-

injury) 
P value Odds ratio 

(95% confidence interval)† 

Mean steps/day 12,407 (3,249) 7,586 (2,370) 0.007* 1.0009 (1.0001, 1.0017)* 

Mean exercise 
sessions/week 5.4 (1.4) 2.3 (1.9) < 0.001* 2.94 (1.13, 7.61)* 

Mean exercise 
duration (minutes) 55.0 (32.7) 30.2 (5.3) 0.03* 1.10 (0.95, 1.27) 

Mean maximum HR 
during exercise 
(beats/minute) 

140.7 (16.1) 134.6 (15.7) 0.41 1.02 (0.96, 1.09) 

Mean average HR 
during exercise 
(beats/minute) 

113.8 (11.2) 109.9 (10.0) 0.42 1.03 (0.93, 1.13) 

REFERENCES 

1.  Harmon KG, Drezner J, Gammons M, et al. American 
Medical Society for Sports Medicine Position Statement: 
Concussion in Sport. Clin J Sport Med. 2013;23(1):1. 
doi:10.1097/JSM.0b013e31827f5f93 

2.  Zhang AL, Sing DC, Rugg CM, Feeley BT, Senter C. The 
Rise of Concussions in the Adolescent Population. Orthop J 
Sports Med. 2016;4(8):2325967116662458. 
doi:10.1177/2325967116662458 

3.  Iverson GL, Gardner AJ, Terry DP, et al. Predictors of 
clinical recovery from concussion: a systematic review. Br 
J Sports Med. 2017;51(12):941-948. doi:10.1136/bjsports-
2017-097729 

4.  McKeon JMM, Livingston SC, Reed A, Hosey RG, Black 
WS, Bush HM. Trends in Concussion Return-to-Play 
Timelines Among High School Athletes From 2007 
Through 2009. J Athl Train. 2013;48(6):836-843. 
doi:10.4085/1062-6050-48.6.17 

5.  McCrory P, Meeuwisse W, Dvořák J, et al. Consensus 
statement on concussion in sport-the 5th international 
conference on concussion in sport held in Berlin, October 
2016. Br J Sports Med. 2017;51(11):838-847. 
doi:10.1136/bjsports-2017-097699 

 



The Effects of Motor Cortex Grey Matter Thickness on Corticospinal Inhibition and 
Turning Characteristics in People with Multiple Sclerosis and Healthy Controls 
Clayton W. Swanson1, Sutton B. Richmond1, Arianna R. Odom1, Tyler T. Whittier1,  

& Brett W. Fling1,2  
1Department of Health and Exercise Science, Colorado State University, Fort Collins, CO USA 

2Molecular, Cellular, and Integrative Neuroscience Program, Colorado State University, Fort Collins, CO 
USA 

Email: Clayton.Swanson@colostate.edu, web: http://www.sensorimotorlab.chhs.colostate.edu/ 
 

 
INTRODUCTION 
 

Neurodegenerative diseases such as multiple 
sclerosis (MS) are associated with decreased 
mobility and a variety of changes affecting neural 
structure and function. Due to cortical influence on 
various aspects of mobility, it is likely that these 
neural adaptations negatively affect mobility and 
therefore, increase the potential for falls, 
subsequently reducing quality of life and increasing 
mortality. For example, disease progression is 
associated with volumetric alterations affecting the 
grey matter in a variety of cortical and subcortical 
structures [2]. Additionally, levels of corticospinal 
inhibition known as gamma-aminobutyric acid 
(GABA) commonly diminish with MS disease 
progression [1]. Importantly, previous research has 
demonstrated associations between levels of 
inhibition and a variety of turning characteristics in 
neurotypical young and older adults [3]. It remains 
unclear if associations exist between cortical 
structure and function for dynamic lower extremity 
control for daily tasks such as turning. The purpose 
of this project was to understand how motor cortex 
thickness and inhibition contribute to turning 
performance in both people with MS (PwMS) and 
age-matched neurotypical control participants. 
 
METHODS 
 

Participants were asked to conduct three in-place 
turning trials, defined as two consecutive but 
alternating (clockwise then counter-clockwise) 360˚ 
turns at their self-selected fast pace. Quantification 
of turning was assessed using wireless inertial 
sensors placed on each foot, around the waist, on the 
sternum, and on the forehead. Outcome measures 
included turn duration (s) and peak turn velocity (˚/s) 

which were averaged across the three turning trials 
[3]. To measure grey matter (GM) thickness of the 
motor cortices all participants completed a magnetic 
resonance imaging (MRI) protocol which included a 
T2-weighted Fluid-Attenuated Inversion Recovery 
(FLAIR) imaging sequence.  MRI data was 
processed using FreeSurfer 6.0.0 
(http://surfer.nmr.mgh.harvard.edu/, Harvard 
University, Boston, MA, USA).  Once processed, 
thickness parcellations and volumetric 
segmentations were acquired for further analysis. To 
measure corticospinal inhibition single-pulse 
transcranial magnetic stimulation (TMS) was 
performed. The leg regions of both motor cortices 
were identified by acquiring the resting motor 
threshold of the tibialis anterior. To assess inhibition, 
participants sustained an isometric contraction in 
dorsiflexion at 15% of their maximal voluntary 
contraction for three-minutes. Simultaneously, a 
TMS stimulation was delivered at 120% of resting 
motor threshold every 7-10 seconds. This procedure 
was conducted to both cortical hemispheres for all 
participants. The primary outcome measure for 
inhibition was quantified as percentage of 
electromyography (EMG) depression at the tibialis 
anterior post-stimulus when compared to the pre-
stimulus EMG mean (%dcSP) (Figure 1).  
 
RESULTS AND DISCUSSION 
 

Twenty-six participants (11 HC, 15 MS) were 
included in the current analysis. All turning 
measures displayed significant differences between 
groups (p≤0.002), with the MS cohort 
demonstrating increased turn duration and reduced 
turn velocity while turning in-place. GM thickness 
revealed no group differences (p=0.63); however, 



there was a main effect of cortical hemisphere 
(p=0.002) with the right hemisphere displaying 
significantly reduced thickness (p=0.02).  Depth of 
corticospinal inhibition demonstrated a significant 
difference between groups (p=0.01); however, no 
significant differences between hemispheres. A 
significant correlation was observed between right 
hemisphere GM thickness and inhibition for both 
groups with HC displaying a negative correlation 
(r=-0.70, p=0.02), whereas PwMS displayed a 
positive correlation (r=0.69, p 0.01; Figure 2). 
These results suggest that reduced GM thickness is 
associated with greater inhibitory influence in the 
HC group, yet in PwMS greater GM thickness is 
correlated with more inhibition. Furthermore, the 
current results suggest that cortical function 
(inhibition) is more associated with turning 
performance than cortical structure (GM thickness). 
Specifically, for the MS group turn duration (r=-
0.56, p=0.03) and velocity (r=0.56, p=0.02; Figure 
3) were significantly associated with inhibition 
whereas no associations were observed for the HC 
group.  
 
CONCLUSIONS 
These results suggest that inhibition (i.e. function) 
may be more associated with dynamic lower limb 

movements compared to GM thickness (i.e. 
structure). Additionally, we interpret form these 
results that there is an optimal range (between 70-
80 %dcSP) of inhibition for suitable turning 
performance. Finally, these results indicate that 
PwMS may utilize different neural resources to 
perform stable and dynamic movements typically 
associated with fall risk. 
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Figure 2. 
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motor cortex grey 
matter thickness. 
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Introduction 
 Adults with unilateral transfemoral amputation walk using 
prostheses attached to rigid prosthetic sockets that surround the 
residual limb. A standard socket used by people with 
transfemoral amputation is a suction socket that is molded to fit 
the users residual limb and uses a valve to release air and create 
a sealed connection between the socket and the leg.  
 During walking, many people with unilateral amputation use 
a passive prosthesis, which typically results in asymmetric  
biomechanics such as greater loading of the unaffected (UL) 
compared to affected leg (AL) [1]. Asymmetry may increase 
osteoarthritis risk [2] and low-back pain [3] compared to non-
amputees. Socket design can influence AL comfort and may 
change the biomechanics of both legs. Board et al. [4] found that 
users of a vacuum-assisted suction socket had more symmetric 
step lengths and ground contact times compared to users of a 
suction socket.  Since residual limb volume fluctuates [5] 
throughout a day, an adjustable socket may further improve 
comfort and biomechanical symmetry during walking. 
 Quorum Prosthetics (Windsor, CO) has developed the 
Quatro socket that uses adjustable panels to provide a custom fit 
to people with lower limb amputation. Due to a better fit, we 
hypothesize that use of the Quatro socket will increase contact 
time and peak ground reaction force symmetry of people with 
transfemoral amputation compared to using a suction socket. 
 
Methods 
 Three subjects (2M, 1F; 46.0 ± 18 yrs; 70.7 ± 5 kg; 1.74 ± 
0.01 m) with unilateral transfemoral amputation walked on a 
force measuring treadmill at 0.75 – 1.50 m/s at 0  and at 1.25 m/s 
at ±3  and ±6 . Subjects walked with a standard suction 
prosthetic socket and the adjustable Quatro prosthetic socket. 
 We used a 4th -order low-pass Butterworth filter with a 30 
Hz cut-off and calculated contact time (tc), and 1st and 2nd peak 
vertical ground reaction forces (fz1 and fz2, respectively) of the 
AL and UL. In addition, we calculated the symmetry index (SI) 
of each of these parameters using the equation (Eqn. 1) defined 
by Robinson et al. [6], where X refers to a calculated variable and 
0% is perfect symmetry. 

!" # $ %
!!"#$$%&'%("#!#$$%&'%(

$%&'!!"#$$%&'%((#!#$$%&'%(
% x 100%                  (1) 

 
Results and Discussion 

Use of the Quatro prosthetic socket decreased contact time 
asymmetry in 7 of 8 conditions (Fig. 1). When walking at 0.75, 
1.00, 1.25, and 1.50 m/s contact time asymmetry decreased from 
15.4%, 13.4%, 12.7%, and 10.5% with the suction socket to 
8.8%, 9.4%, 9.0%, and 7.5% with the Quatro socket, respectively 
(Fig. 1a). When walking on slopes of -6 , -3 , and 3  contact time 
asymmetry decreased from 16.8%, 13.5%, and 10.2% with the 
suction socket to 9.6%, 10.0%, and 7.5% with the Quatro socket, 
respectively (Fig. 1b).  

Use of the Quatro socket decreased fz1 asymmetry in 6 of 8 
conditions (Fig. 1). When walking at 1.25 and 1.50 m/s fz1 
asymmetry decreased from  13.5% and 13.0% with the suction 

socket to 5.5% and 0.7% with the Quatro socket, respectively 
(Fig. 1a).  When walking on slopes of -6 , -3 , 3 , and 6 , fz1 
asymmetry decreased from 29.6%, 18.4%, 10.7%, and 19.9% 
with the suction socket to 15.2%, 7.4%, 5.3%, and 16.6% with 
the Quatro socket, respectively (Fig. 1b).  

Use of the Quatro socket decreased fz2 asymmetry in 7 of 8 
conditions (Fig. 1). When walking at 1.00, 1.25 and 1.50 m/s fz2 
asymmetry decreased from 6.1%, 17.4% and 23.2% with the 
suction socket to 4.0%, 7.4% and 10.5% with the Quatro socket, 
respectively (Fig. 1a).  When walking on slopes of -6 , -3 , 3 , 
and 6 , fz2 asymmetry decreased from 13.1%, 15.5%, 13.6%, and 
19.0% with the suction socket to 8.0%, 2.8%, 7.9%, and 16.1% 
with the Quatro socket, respectively (Fig. 1b).   

 
Figure 1. Contact time, fz1, and fz2 symmetry indices across (a) speeds 
and (b) slopes. Error bars are SEM. Two subjects walked at 1.50 m/s. 
 
Significance 

Decreased asymmetry with the Quatro compared to suction 
socket may be due to improved socket fit and comfort. Future 
studies will examine prosthetic socket fit by measuring socket 
pistoning during walking. The results from this study can be used 
to inform prosthetic socket designs.  
 
Acknowledgments 
We would like to thank Joe Johnson and Quorum Prosthetics. 
 
References 
[1] Nolan & Lees (2000). Prosthet. Orthot. Int, 24: 117-125. 
[2] Kulkarni et al. (1998). Clin. Rehabil, 12: 348-353. 
[3] Kulkarni et al. (2005). Clin. Rehabil, 19: 81-86. 
[4] Board et al. (2001). Prosthet. Orthot. Int, 25: 202-209. 
[5] Sanders & Fantone (2011). J. Rehabil. Res. Dev, 48: 949-986. 
[6] Robinson et al. (1987). J. Manip. Physiol. Ther, 10: 172-176. 

(a) 

(b) 



Biomechanical Performance and Limb Asymmetry Among Youth Athletes Recovering 
from Anterior Cruciate Ligament Reconstruction.  

Alex Tagawa1,3, David R. Howell1,2, Alexia G. Gagliardi1, Lucas Moore3 Susan K. Kanai1,3, Jay 
C. Albright1,2, Jason Rhodes1,3 

1Musculoskeletal Research Center, Orthopedics Institute, Children’s Hospital Colorado, Aurora, CO  
2Department of Orthopedics, University of Colorado Anschutz Medical Campus, Aurora, CO 
3Center for Gait and Movement Analysis, Children’s Hospital Colorado, Aurora, CO 

Introduction: The incidence of anterior cruciate ligament (ACL) injuries among adolescent 
athletes is increasing, and reinjury rates after an ACL reconstruction (ACLR) are relatively 
high1. Biomechanical and motion capture analysis has been used after ACLR in order to assess 
readiness to return to sports1,2. In the current literature, landing tasks, such as the single leg drop 
jump, have been used to understand hip, knee, and ankle movement during these tasks1,2. While 
there is an abundant amount of literature, more research is required to fully understand changes 
in biomechanics and movement quality during these functional tasks after an ACLR surgery1,2. 
The purpose of this study was to  analyze biomechanics of functional task after an ACLR 
surgery. 

Clinical Significance: This study provides further insight to the specific tasks that should be 
analyzed, and the level of performance necessary to safely to return to sports after ACLR. 

Methods: Patients underwent ACLR surgery, and a standard 
Physical Therapy rehabilitation program. As a part of the clinical 
evaluation, each completed a series of functional tasks. 
Demographic information, surgical procedure(s), concomitant 
injury, and time from injury to surgery were collected. Subjects 
who completed the assessment greater than 9 months post-surgery 
and before returning to sport were included in this analysis were 
included in this analysis. Subjects were excluded based on 
previous surgery to the involved or uninvolved leg or if their 
assessment was before 9 months. The biomechanical assessment 
was performed using a 13-camera Vicon motion capture system 
and Nexus software, in addition to custom analysis software 
written in Visual 3D and LabVIEW. During the analysis, 40 
markers were placed on the whole body. Patients were asked to 
perform multiple tasks associated with the standard of care 
protocol after an ACLR surgery at our institution, including a 
single leg squat and a single leg drop jump task. Once all data was 
collected, means and SD were used to analyze categorical variables. Additionally, a comparison 
between surgical and non-surgical limb performance on each task was performed using paired 
samples t-tests. 

Results: A total of 19 subjects (mean age=16.4±1.7 years, 45% were female) completed the 
assessment. Roughly 60% had right limb surgery, and 85% underwent primary quadriceps 
tendon–patellar bone autograft (5% hamstring autograft; 10% contralateral quadriceps tendon–
patellar bone autograft). Data was available for 13 patients on the single leg drop jump test, and 

Figure 1: Marker Placement for 
Motion Analysis 



for 6 patients on the single-leg squat test. At maximum knee flexion during the single leg drop 
jump test, participants demonstrated significantly greater trunk tilt on the surgical side compared 
to the non-surgical side. All other variables were not statistically significant (Table 1). 

Discussion: The difference in trunk tilt during the single leg drop jump test between surgical and 
non-surgical leg may relate to the patient’s use of compensatory mechanisms. For a patient to 
achieve the same amount of knee flexion on both the surgical and non-surgical leg, the surgical 
leg must compensate, as they have not fully healed from the ACLR surgery and their muscle 
strength limits their range of motion. This manifests as increased trunk tilt on the surgical side at 
maximum knee flexion. While these results support past research, our results are still 
preliminary. Further research is required to determine the significance of differences in trunk tilt 
during a single-leg drop jump test. 
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Table 1:  Biomechanical Analysis 

Variable Surgical side Non-surgical side P value 

Single-leg squat test (n=6) 
Maximum knee flexion (degrees) 91.5 (23.2) 95.0 (22.2) 0.53 
Trunk tilt at maximum knee 
flexion (degrees) 46.9 (11.7) 43.1 (9.8) 0.10 

Trunk obliquity at maximum knee 
flexion (degrees) -6.2 (2.7) -6.7 (4.7) 0.82 

Trunk rotation at maximum knee 
flexion (degrees) 0.6 (4.7) -0.5 (3.1) 0.60 

Single-leg drop jump test (n=13) 
Maximum knee flexion (degrees) 68.8 (11.8) 70.2 (10.3) 0.46 
Trunk tilt at maximum knee 
flexion (degrees) 41.6 (13.6) 38.4 (12.6) 0.04* 

Trunk obliquity at maximum knee 
flexion (degrees) -5.7 (5.6) -6.5 (5.2) 0.70 

Trunk rotation at maximum knee 
flexion (degrees) -3.5 (6.3) 0.1 (5.9) 0.09 

*=Significance (p<0.05) 
 



EFFECTS OF SURFACE COMPLIANCE ON STABILITY CHARACTERISTICS OF THE 
LOWER LIMB DURING QUASI-STATIC MOVEMENTS 

 
Laura T. Taylor1, Gabrielle Hess1, Michael Samelson , Austin Schwartz , Raoul F. Reiser II1, 2 

1Department of Health and Exercise Science, 2School of Biomedical Engineering
Colorado State University, Fort Collins, CO USA 

Correspondence: Raoul.Reiser@colostate.edu 

INTRODUCTION 
Modern artificial turf surfaces are made to mimic
natural grass better than the first-generation turf
surfaces developed in the 1960s. Advances are being 
made in the development of artificial turf to decrease 
the risk of lower extremity injury while maintaining 
high performance. Surface compliance is a highly 
debated topic as it relates to injury risk and 
performance and there is evidence that extremes in 
either direction along the compliance spectrum can 
contribute to injury risk or decreased performance.  
Several components of artificial turf can be 
independently manipulated to affect surface 
compliance including fiber type and density, type of 
infill, compaction, and cushioning underlay [1]. One 
of the most commonly used artificial infills is crumb 
rubber (CR), composed primarily of recycled 
styrene-butadiene rubber. BrockFILL (BF) (Brock 
USA, Boulder, CO) is an alternative infill product 
derived from wood designed to be a slightly firmer 
top layer than CR. More compliant surfaces have 
been shown to negatively affect stability [2]. To 
understand more about surface compliance and its 
effects on performance and injury risk, the goal of 
this investigation was to comparatively assess these 
two distinctly different artificial turf infill types by 
assessing the stability characteristics of the lower 
limb during a bilateral bodyweight squat (BBS) and 
a unilateral quiet stance (UQS). We hypothesized 
that quasi-static movements performed on the BF 
would yield greater stability characteristics than the 
movements performed on CR. 

METHODS 
Thirty-two collegiate club-level athletes (16 women) 
accustomed to competing on artificial turf surfaces
participated (age = 20.7± 1.8 yrs., height = 175 ± 
9.4cm, mass = 71.3 ± 11.3kg). Each subject 
performed three trials of a single BBS at a 
comfortable pace to a comfortable depth on three
different surfaces, first directly on the force 

platforms (Figure 1), then in randomized order on the 
two different artificial turf surfaces. A single trial for 
each limb of a 25 second UQS was then performed 
on each surface. This was performed with the 
contralateral knee flexed, arms at the sides, and with 
the eyes open. Data processing of the UQS began 4 
seconds into the trial to allow for initial stabilization 
and ended 1 second before the end of the trial 
resulting in 20 seconds in total to be processed. All 
trials were performed in the subject’s own athletic 
shoes. Practice was required before collecting data.
Qualitative perceptions from the subjects were noted.

Figure 1. Bilateral Bodyweight Squat (BBS) performed on the 
force platforms. Starting with a neutral stance, arms at the sides, 
shoulders were flexed 90  to act as a counterweight during the 
down-phase of the squat before returning to starting position.  
 
The two artificial turf surfaces were composed of the 
same Shaw Sports Turf (Calhoun, GA) secured on a 
25mm Brock PowerBase SR shock pad, with a base 
layer of sand followed by a top infill layer of either 
CR or BF (Figure 2). Each panel of artificial turf was 
prepared per industry specifications to achieve 
comparable blade reveal. Isolated turf/PowerBase
samples were cut to the size of each force platform 
and conditioned by athlete-use prior to collecting 
research data. Data were sampled at 300Hz under 
each foot with two Bertec 4060-10 (Columbus, OH) 
force platforms. Custom Matlab code (MathWorks, 
Natick, MA) was used for the extraction of variable 
measurements and any additional calculations.  



Figure 2. Deconstructed artificial turf system. Left to Right: 
PowerBase SR shock pad, Shaw Sports Turf, silica sand as 
base layer, top layer infill either crumb rubber (top) or 
BrockFILL (bottom).  

Each movement had the following stability variables 
analyzed from left limb center of pressure: medial-
lateral and anterior-posterior postural sway and path 
length. A representative average was made for the 
three trials of the BBS. Within and between surface 
comparisons of values normalized to subject height 
were made with repeated measures ANOVA tests 
( =0.05) using IBM SPSS Statistics (Armonk, N ) 
after removing extreme outliers.  

RESULTS AND DISCUSSION 
Left-limb data were analyzed for consistency 
between the two movements. It has been shown that 
the dominant and non-dominant limb can be used 
interchangeably during unilateral quiet stance 
balance testing in healthy young adults [3]. The 
analysis of these two quasi-static movements did not 
manifest in any statistically significant differences 
between the two artificial turf infill types. While 
qualitatively, the BF felt stiffer  than the CR by 
most of our participants, the differences in surface 
compliance between the two did not appear to affect 
stability, supporting that participants quickly 
adjusted to each surface. We did, however, find a 
statistically significant difference in the anterior-
posterior center of pressure path length from the left 
limb during the BBS between the movement on the 
force platforms compared to the movement on the 
crumb rubber (p=0.010) (Figure 3). This is a 
measurement of the total movement of the 
participant’s center of pressure in the anterior-
posterior direction. This further supports our 
participants’ observation that the BF trends towards 
being a less compliant surface than CR, and that BF 
is more similar to the non-compliant force platform. 
The differences between BF and CR are subtle. 

One limitation in finding potential differences 
between BF and CR is that participants wore athletic 
shoes. The shoes provide an 8-10mm cushion which 
could have affected their interaction with the surface.  
Barefoot or in athletic cleats may have produced 
slightly different results.  Furthermore, being quasi-
static, these movements may not be fully reflective 
of dynamic balance during more explosive 
movements such as cutting and pivoting. 

 
Figure 3. Standing height normalized path length of anterior-
posterior center of pressure movement of left limb during BBS. 
SE bars ±1 SD. *p < 0.05 significant for crumb rubber different 
than force platform. 

CONCLUSIONS 
These results indicate that the two artificial turf infill 
types evaluated, CR and BF, prepared over a shock 
pad are highly comparable when assessing quasi-
static balance and stability. However, they are not 
identical. It appears that the CR may decrease 
balance and stability slightly. Currently, it is unclear 
how these quasi-static movements relate to the more 
common dynamic movements performed on 
artificial turf when wearing cleated footwear. Future 
research should assess more dynamic movements of 
cleated participants such as jump stops, cutting, and 
pivoting on artificial turf surfaces. 
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INTRODUCTION 
 

This course introduces freshman and sophomore 
students to research in biomechanics and the related 
signal acquisition and data analysis techniques. They 
are educated in the basic concepts of muscle 
physiology and the nervous system’s role in producing 
human movements, as well as exercises to acquire and 
analyze kinetic and kinematic data. Following data 
analysis, the students are taught how to interpret results 
and relate them back to their physiological origins. 
 
The goal of the course is to present students with the 
knowledge and skillset necessary to design and execute 
a research study related to the biomechanics of human 
movement and present their results in a public forum. 
 
COURSE STRUCTURE 
 

The 2-credit course comprises one 50-min lecture and 
one 110-min laboratory session each week of a 15-wk 
semester.  The first 7 lectures of the course introduce 
the students to basic concepts about muscle 
physiology, the control of movement by the nervous 
system, and quantifying human movement. The first 8 
laboratory sessions focus on the acquisition and 
analysis of signals by writing computer code to process 
the signals offline using Matlab. Subsequently, they are 
taught how to analyze the data using graphical 
techniques and basic statistics. 
 
The kinetic and kinematic signals are primarily 
acquired using smart-phone technology (Phyhox app). 
Phyphox (Physical Phone Experiments) is a free 
downloadable app that accesses smart-phone sensors.  
The phone sensors include an accelerometer, 
magnetometer, gyroscope, light, pressure, proximity, 
microphone, GPS location, and Bluetooth.  As most of 
these sensors can’t be applied to human movement, 
the accelerometer and gyroscope signals were 
emphasized.  Documentation, example experiments, 

and tutorial videos are available at 
(https://phyphox.org/).   
 
Following the instructional portion of the course, the 
students begin working in small groups (2-3 persons 
per group) to design and execute a research study.  The 
final few weeks of the course are spent conducting the 
research, preparing a poster on the completed work, 
and presenting the poster to the class.  To achieve these 
goals, they are taught best practices of poster design 
and introduced to software used for poster 
construction. 
 
 

Week Lecture Lab activity 

1 Introduction Recording and 
transmitting signals 

2 Kinematics Computer coding 

3 Muscle physiology Matlab basics 

4 Nervous system Spike2 – recording force 

5 NIH Toolbox Matlab – force signals 

6 Scientific method  Phyphox introduction 

7 Kinetics Phyphox data analysis 

8 Mid-term exam Statistics and data 
visualization 

9 Example projects Choosing a research 
project 

10 Example projects Conducting research 

11 Conducting research Conducting research 

12 Poster design Conducting research 

13 Poster design Poster software 

14 Poster preparation Poster printing 

15 Poster presentation Poster presentation 
 

Figure 1. Course lecture and lab activity outline. 

 
EXAMPLE LAB ACTIVITIES 
 

Computer Programming: During the second week of 
the semester, the students were introduced to the basic 

https://phyphox.org/


components of computer programming. They were 
instructed on the ideas of sequential processing, 
decision-making statements, and functions. These 
topics were examined using pseudocode, and the 
students were taught the generalizability of 
pseudocode and how it can represent the flow of a 
program without using syntax. An illustrative 
pseudocode example can be seen in Figure 2. 
 

 
 

Figure 2. Pseudocode example to calculate rectangular 
area of back yard and select appropriate lawnmower. 

 
Phyphox: In weeks 6 and 7 of the semester, the 
Phyphox app was used to record and analyze 
accelerometer data. Week 6 involved the accelerometer 
data collection during two different tasks (NIH 
standing balance test and vertical jump); in week 7, 
these data were analyzed. During data analysis in week 
7, basic calculus concepts of derivatives and integrals 
were introduced to give the students an idea of the 
breadth of measurements that can be obtained from 

accelerometer data. These concepts were 
demonstrated in Matlab by calculating the sway area 
during the NIH standing balance test and the peak 
kinetic energy during the vertical jump. 
 
Statistics in Matlab: In week 8, the students were taught 
how to analyze data using basic statistical measures. 
Concepts covered included data centers and symmetry 
(mean, median, mode), data spread (standard 
deviation, coefficient of variation), and correlations 
(Pearson’s R, p-value). The distinction between 
correlation and causation was emphasized. The main 
activity of this lab was to correlate grip strength and 
pegboard time for each member of the class (Figure 3). 
 

 
 

Figure 3. Results from Matlab correlation between 
pegboard time and grip strength. 

 
CONCLUSIONS 
 
This course is currently being offered for the first time 
at the University of Colorado – Boulder. Given that the 
course has yet to be run to completion, no concrete 
conclusions can be made at this time. However, the 
students are following the material enthusiastically and 
appear to be excited to get their projects under way. 
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Introduction 
Excessive compressive loading accelerates the 
progression of knee osteoarthritis1. Reducing knee contact 
force (KCF) during gait is the target of many non-surgical 
interventions. Muscle forces are responsible for 50-75% 
of KCF during walking2, but most joint-offloading 
interventions do not target the muscle contribution to 
KCF. Musculoskeletal simulations suggest that 
minimizing the activation of the gastrocnemius muscle, 
without changing joint-level kinetics, could reduce the 
second peak of KCF3. However, it is unknown what 
muscular compensations are necessary to walk without 
activating the gastrocnemius and whether humans can 
learn to change the relative activation of redundant 
muscles during a complex task like walking. 

The aim of our study was (i) to identify the coordination 
changes necessary to walk with minimal gastrocnemius 
activity and (ii) to teach healthy individuals to adopt these 
changes using biofeedback, with the goal of reducing the 
second peak of KCF.  

Methods  
To elucidate the differences between natural and 
gastrocnemius avoidance  coordination patterns, we 

simulated normal walking in OpenSim4,5 with varied 
static optimization objective functions (see Fig. 1a for 
objective functions). These simulations demonstrated that 
walking without gastrocnemius activation requires 
increased soleus and hamstrings force to generate the 
necessary ankle plantarflexion and knee flexion moments.  

Based on the simulation results, we focused the 
biofeedback intervention on the relative activation of the 
ankle plantarflexors; the training aimed to reduce 
gastrocnemius activity without altering the ankle 
plantarflexion moment, which is critical for bodyweight 
support and propulsion6. Ten healthy adults (26±4 years 
old, 4 female) performed five 6-minute walking trials on 
an instrumented treadmill: a baseline trial, three feedback 
trials, and a retention trial (Fig 1b). During the first 
feedback trial, a real-time bar plot instructed participants 
to reduce their gastrocnemius to soleus activation ratio, 

Fig. 1: (a) A simulation of normal walking kinetics with natural and gastrocnemius avoidance muscle redundancy 
solutions. When walking with minimal gastrocnemius activation, the soleus and hamstrings can generate the 
compensatory ankle plantarflexion and knee flexion moments. Compared to the gastrocnemius, the hamstrings have a 
1.7 times larger moment arm, allowing them to generate the same moment with less force, thereby reducing knee 
contact force. (b) Real-time EMG biofeedback instructed participants to reduce their gastrocnemius to soleus activation 
ratio during all 3 feedback (FB) trials. Additional feedback (bar color) to reduce the average gastrocnemius EMG was 
also provided during the final two FB trials. We analyzed the final minute of all trials, when no feedback was given. 
(c) Knee contact force was estimated using a musculoskeletal model and EMG-informed static optimization. 



which we defined as the stance-phase-averaged 
electromyogram (EMG) linear envelope of the 
gastrocnemius divided by that of the soleus. During the 
second and third feedback trials, subjects were given 
additional feedback (bar color) to reduce the average 
gastrocnemius EMG. No feedback was given during the 
retention trial. We verbally instructed participants to 
maintain normal walking kinematics during all trials. 

To evaluate the effect of gastrocnemius avoidance gait on 
KCF, we simulated 5 gait cycles from the baseline and 
retention trials in OpenSim4,5. We used a custom static 
optimization algorithm to minimize sum-squared muscle 
activations while constraining the simulated 
gastrocnemius to soleus activation ratio to match the ratio 
from EMG (Fig 1c). KCF was computed along the 
longitudinal axis of the tibia.  

Muscle activity and KCF were compared between trials 
with t-tests ( =0.05) with a Benjamini Hochberg 
correction for multiple comparisons. The average ankle 
moment was compared using a TOST equivalence test 
with equivalence bounds of 1 baseline standard deviation. 
Average values are reported as mean ± standard deviation. 

Results 
Participants reduced their gastrocnemius to soleus 
activation ratio by 22±12% (p<0.001) after the first 
feedback trial, but they achieved it primarily by increasing 
soleus activation (Fig. 2a). With the addition of 
gastrocnemius activation feedback during the final two 
feedback trials, participants reduced their activation ratio 
primarily by reducing gastrocnemius activation. During 
the retention trial, participants reduced their activation 

ratio by 25±15% (p=0.003) and their average 
gastrocnemius activation by 17±19% (p=0.036), but the 
average ankle plantarflexion moment trended towards 
being equivalent to baseline (p=0.063, Fig. 2b). 

The 8 participants who retained a reduction in 
gastrocnemius activation reduced their second peak of 
KCF by 0.41±0.34 times bodyweight (12%, p=0.011) 
during the retention trial compared to baseline (Fig. 2c).  

Discussion 
When provided with interpretable EMG biofeedback, 
healthy adults learned to alter the relative activation of 
their redundant ankle plantarflexors during gait without 
changing ankle kinetics. This gastrocnemius avoidance 
coordination pattern reduced simulation-estimated KCF 
by 12%, demonstrating its potential as a new non-surgical 
intervention for knee osteoarthritis. More generally, we 
show how predictive simulations and biofeedback can be 
coupled to teach individuals new coordination strategies 
that achieve non-intuitive but clinically-meaningful 
objectives. This approach may allow individuals to 
optimize muscle coordination for a variety of 
rehabilitation, injury prevention, and sports performance 
applications.  
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Fig. 2: (a) During the retention trial, participants reduced their gastrocnemius to soleus activation ratio by 25±15% 
(p=0.003) and average gastrocnemius activation by 17±19% (p=0.036) compared to baseline (b) without substantially 
changing their ankle moment (p=0.063 equivalent to baseline). (c) The 8 subjects who retained a reduction in 
gastrocnemius activation reduced the second peak of knee contact force by 0.41±0.34 times bodyweight (12%, p=0.011).  
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INTRODUCTION  
The practice of yoga has become increasingly 
popular worldwide. However, with any physical 
activity, inherent injury risks exist as excessive 
loading on tissues surpass their strength2. Injury 
while practicing yoga is common and has been 
documented in literature worldwide1,3-6. Indeed, 
joints are often stressed to the point of injury during 
yoga, with the knee and hip accounting for 
approximately 30% of sustained body injuries3,5. 
These statistics justify a crucial need for yoga injury 
prevention. Unfortunately, little is known about how 
yoga postures load the limbs and joints, let alone 
mechanisms of yoga injuries, and little to no 
evidence-based recommendations for injury 
prevention currently exist. Varying alignment in 
postures may lead to changes in loading and lead to 
increases or decreases in injury risk1. 

The Triangle pose is a commonly practiced posture 
with a higher incidence of injury to the knee and hip 
joints4-5. Therefore, the purpose of this project is (1) 
to establish joint loading metrics for the Triangle 
pose, measured by ground reaction forces (GRFs) 
and joint forces, and (2) to identify how systematic 
adjustments to this posture may alter loading in the 
lower extremity joints. This information could 
function as a guideline for practitioners and 
instructors by providing objective evidence for 
recommending adjustments to alter loading as 
desired. We hypothesized that a larger foot-to-foot 
stance width distance would increase GRF and 
loading forces in the ankle, knee, and hip joints.  
 

METHODS  
19 yoga practitioners (15F, 4M) averaging 23±x yrs 
of age, 1.7±x m in height, and 67.8±x kg in mass of 
varying yoga expertise volunteered to participate in 
this study, which consisted of performing the 
Triangle pose twice to both the left and right sides in 
each of the following conditions: self-selected (SS) 

stance width determined by taking the average of 
three stances selected by the subject, measured from 
the medial aspect of the trailing foot to the heel of 
the leading foot and ±10%, ±20%, and ±30% of SS 
stance width, presented in random order (Figure 1). 
 
Each participant had 38 tracking markers placed on 
the trunk, pelvis, and bilaterally on the thighs, 
shanks, and feet to define body segments and create 
a dynamic 3D linked rigid body segment model.  
  

A motion capture system (NDI, Waterloo, ON, 
Canada) captured kinematic data from the markers at 
100Hz, while an instrumented treadmill (Bertec, 
Columbus, OH) captured GRFs at 1000Hz. Ankle, 
knee, and hip joint reaction forces were calculated 
using inverse dynamics techniques using Visual3D 
(C-Motion, Germantown, MD).  
 
For each condition, participants began in standing 
position with their limbs at the prescribed stance 
width, then were asked to enter the pose, hold the 
pose for approximately five seconds, and then return 
to the starting position. Vertical, anteroposterior, and 
mediolateral GRFs and joint reaction forces of the 
ankle, knee and hip were averaged from the middle 
3-seconds of the hold period. Data for each outcome 
metric in each condition were averaged from four 
trials (two trials with the left limb leading and two 
trials with the right limb leading).     
 

RESULTS AND DISCUSSION  
For the leading limb, vertical GRF and joint reaction 
forces in the ankle, knee and hip increased in 

 
Figure 1: Triangle pose conditions that are (a) narrower than self-
selected (SS) width, (b) SS width, and (c) wider than SS width.  



magnitude with increases in stance width. The 
leading limb also increased posterior GRF and joint 
reaction forces in the ankle and knee, while 
increasing anterior hip joint reaction force as stance 
width increased (Figure 2). The hypothesis was 
supported with the leading limb trends suggesting 
smaller SW decreases loading. For the trailing limb, 
as stance width increased, ankle and knee vertical 
reaction forces increased in magnitude while vertical 
GRF and hip reaction force decreased. The trailing 
limb medial joint forces increased as stance width 
increased (Figure 3). The hypothesis was supported 
for the trailing limb for the ankle and knee joint 
forces but not for the GRF and hip forces suggesting 
that. 

These results displayed trends that were consistent 
vertically, but not anteroposteriorly or 
mediolaterally on both limbs bilaterally.  Each 
subject had a different SS stance width with a wide 
range of experience levels in yoga. Future studies 
could compare experience levels to see how trends 
may change. 

 

 
Figure 2: Average GRF, Ankle, Knee, and Hip joint reaction 
forces of the leading limb in the anteroposterior, mediolateral, 
and vertical axis for each stance width condition.  

 

Figure 3: Average GRF, Ankle, Knee, and Hip joint reaction 
forces of the trailing limb in the anteroposterior, mediolateral, 
and vertical axis for each stance width condition.   

CONCLUSIONS  
These data support the hypothesis that larger foot-to-
foot stance width distance increases loading forces 
in the ankle, knee, and hip joints. Therefore, 
practitioners and instructors may consider narrowing 
stance width in the Triangle pose to decrease 
potentially negative effects of loading forces on 
these commonly injured joints for beginners, at-risk 
populations, and practitioners recovering from 
injury.   
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INTRODUCTION 

While controlling a movement, the brain requires 
an accurate and timely estimate for the locations 
of all body parts involved in the task.  This 
estimate is heavily dependent on incoming 
sensory information.  However, all sensory 
information is inherently variable and clouded 
with uncertainty (Faisal, Selen, & Wolpert, 
2008).  Bayesian decision theory (BDT) posits 
that the most accurate estimate for the location of 
a body part comes when considering the 
incoming sensory information as well as learned 
expectations, along with their respective 
variability (Kording & Wolpert, 2006).   

The purpose of this study is to clarify if the 
neural control of a full body stepping task is 
consistent with a Bayesian decision theory 

framework. 

METHODS 

Using virtual reality (VR), we applied the 
methods of (Kording & Wolpert, 2004) to a full 
body stepping task. In VR, participants move a 
cursor (controlled by their center of mass) to a 
target box with varying amounts of visual 
feedback during their performance.  

Training trials 

In the first 100 trials, participants are trained to 
expect a shift (randomly drawn from the normal 
distribution N(μ = 7.5 cm, σ = 2.5 cm)) to their 
cursor position throughout a trial.  

 

 

Testing trials 

Once participants have learned to expect the 
shift, they complete 500 testing trials where the 
visual certainty of the cursor position varies. 
When participants believe the cursor is in the 
target box, they indicate by button press on the 
VR controller.  

Data Analysis 

The deviation from the target, along with the 
magnitude of cursor offset on every trial, are used 
to calculate the magnitude of reliance on memory 
gained from previous experiences (taken from 
the slope of the regression line).  

 

 

Figure 1. Participants move the cursor (controlled 
by their CoM and streamed by motion capture 
cameras) from the start box to the target box in VR.  
Visual feedback on cursor location is only given in 
the visual feedback zone and varies in certainty 
level. 



RESULTS 

Data collection for this study is ongoing.  The 
results from a representative participant are 
displayed in Figure 2.  Initial results indicate that 
as visual uncertainty increases, there is a greater 
reliance on prior experiences developed in the 
training trials (indicated by an increase in the 
slope of the regression line).  These results 
provide evidence that the neural control of full 
body ambulatory activities can be described with 
a BDT framework.  

DISCUSSION AND CONCLUSION 

Humans rely on sensory information to make 
proper motor control related decisions.  
However, differing light conditions, disease and 
injury can severely impair the quality of sensory 
information the brain relies on.  During 
ambulation, if sensory information fails to 
recognize a deviation from the expected outcome 
(a curb, object on the floor, etc.), harmful errors 
can occur if too much weight is placed on 
expectations.  Future research will focus on 

decreasing the uncertainty in sensory information 
and assessing its effect on the reliance of learned 
experiences.  These results provide further 
evidence that the brain addresses the uncertainty 
of sensory cues when making body position 
decisions in a way consistent with a Bayesian 
Framework.   
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Figure 3. Scatterplots of Radial shift vs. deviation from target in all visual uncertainty conditions.  
Initial results show that as uncertainty increases, there is a greater reliance on the prior 
distribution/learned expectations, signified by an increase in the slope of the regression line 

Figure 2. Scatterplots of the radial shift vs. the deviation from target in all visual uncertainty conditions. Initial 
results show that as uncertainty increases, there is a greater reliance on the prior distribution/learned 
expectations, signified by an increase in the slope of the regression line. 
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Introduction

Instantaneous power output measured at the cranks when cycling
in a nonseated posture is not equivalent to the instantaneous joint
power produced by the rider [1]. Evidence shows that this dis-
crepancy between crank power and total joint power is due to
additional energy that is gained and lost by the rider’s centre of
mass (CoM) [Wilkinson et al., unpublished data]. Thus, com-
bining crank power measurements with an estimate of the rate at
which the rider’s CoM gains and loses energy provides valuable
information about both rider and bicycle performance. Captur-
ing this information in a laboratory setting is relatively straight
forward, however an accurate and precise method for measuring
a rider’s CoM motion in the field has not been validated.

The aim of this study was to investigate the suitability of IMUs
to quantify the vertical displacement of a cyclist’s CoM during
nonseated cycling in the field. The objective was to compare
vertical displacement derived from an IMU mounted on the
lower back to a kinematic estimate of CoM displacement from a
full-body musculoskeletal model.

Methods

The IMU was first assessed for whether it could track its own
vertical displacement by comparing it to an attached marker
cluster tracked using three-dimensional motion capture. Ver-
tical displacement of the IMU was then compared to a kine-
matic estimate of vertical CoM displacement using a full-body
musculoskeletal model [2] (see Figure 1). IMU (100 Hz) and
motion capture (200 Hz) data were collected synchronously for
10-seconds on seven participants (5M/2F, age = 24 ± 13 yr,
height = 1.75 ± 0.07 m, mass = 71 ± 11 kg) while they cy-
cled on an ergometer (Excalibur Sport, Lode BV, Groningen,
The Netherlands) in a nonseated posture at three individualised
power outputs (10%, 30%, and 50% of their instantaneous max-
imal power output (Pmax.i) determined from a 3-second all-out
maximal sprint trial) and at two different cadences (70 and 120
rpm). Approximately eight crank cycles were analyzed for each
of the seven participants in each of the six conditions (n = 313).

Sensor performance was quantified as the dynamic Root-Mean-
Square (RMS) error in each Euler parameter describing the yaw,
pitch, and roll components of the sensor angular velocity com-
pared to the rigid marker cluster. An agreement analysis of
peak-to-peak amplitude of vertical displacement corrected for
repeated measures was performed between each method [3],
which encompassed correlation, limits of agreement (LoA), ac-
curacy (Bias), precision (SD), range, average error (bias/range),
and maximum error (SD/range). Non-parametric analyses were
applied when the distribution of the data was non-Gaussian.

Figure 1: A single IMU was secured to the skin over the L4 spinous
process to provide an estimate of rider CoM displacement. (Left)
An IMU attached to a rigid marker cluster was secured to the skin at the
intersection of the Tuffier’s line and lumbar spine midline (L4 spinous
process). (Right) Sagittal-plane image of a representative participant
cycling in a nonseated posture showing the kinematic estimate of CoM
position (green sphere).

Results and Discussion

Sensor performance. Across all trials, the IMU sensor perfor-
mance was excellent with an average dynamic RMS error of
only 0.17 ± 0.04 radians·s−1 in each component of orientation
(see Table 1).

Vertical CoM displacement. The IMU measured its own vertical
displacement with high accuracy (0.002 m) and precision (0.01
m) across all trials with an average error of 2% at 70 rpm and 5%
at 120 rpm. The agreement was not as high between the IMU
and the model’s kinematic prediction of CoM displacement (ac-
curacy = 0.02 m, precision = 0.01 m) (see Figure 3).

Figure 2: Comparison of group mean vertical displacement of the IMU
(solid line) against an attached marker cluster (dashed line) and a kine-
matic estimate of vertical CoM displacement using a full-body muscu-
loskeletal model in OpenSim (dotted line) during nonseated cycling at
30% Pmax.i (432 ± 127 Watts) and a cadence of 70 rpm.
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Table 1: Root-Mean-Square error (±SD) in each Euler parameter describing the yaw, θ, pitch, φ, and roll, ψ components of the sensor angular
velocity (radians·s−1) compared to the rigid marker cluster.

70 rpm 120 rpm
10% Pmax.i 30% Pmax.i 50% Pmax.i 10% Pmax.i 30% Pmax.i 50% Pmax.i

Yaw (θε) 0.16 ± 0.02 0.20 ± 0.04 0.21 ± 0.03 0.18 ± 0.05 0.19 ± 0.04 0.24 ± 0.06
Pitch (φε) 0.12 ± 0.02 0.15 ± 0.04 0.14 ± 0.03 0.16 ± 0.04 0.18 ± 0.07 0.18 ± 0.06
Roll (ψε) 0.12 ± 0.03 0.17 ± 0.09 0.13 ± 0.01 0.20 ± 0.10 0.18 ± 0.01 0.17 ± 0.05

Figure 3: Regression (left) and Bland-Altman plots (right) of Cluster vertical displacement (top) and Model CoM vertical displacement (bottom) as
a function of IMU vertical displacement. The non-parametric repeatability coefficient (RPCnp) is also shown as a percentage of mean displacement.

Conclusion

These results suggest that IMUs can provide an accurate and pre-
cise measure of the peak-to-peak amplitude of rider CoM verti-
cal displacement during nonseated cycling. The linear relation-
ship between IMU and model CoM displacement could be im-
proved with a different IMU placement. When combined with a
measure of crank power, total joint power generated by cyclists
in a nonseated posture can be analysed in the field.
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INTRODUCTION 

The foot serves as our primary interface with the 
ground during locomotion and balance [1], and the 
complex network of 26 bones, over 20 joints and 
100 muscles, tendons, and ligaments within the foot 
[2] work together to absorb, generate, and transfer 
energy during locomotion [3, 4].  

The windlass mechanism of the foot has recently 
been suggested to transfer energy between the first 
metatarsophalangeal joint (MTP) and the midtarsal 
joint (MT) [5]. Power generation at the MT joint 
occurs concurrently with power absorption at the 
MTP joint [3, 6, 7, 8], suggesting that the windlass 
mechanism redistributes some of the energy 
absorbed by MTP extension [5]. However, further 
investigation is necessary to determine the extent of 
the power transfer between the MT and MTP joints.  

The purpose of this study was to compare MT joint 
power, as well as distal-to-hindfoot (DTH) power 
[8] during the upward phase (start to peak heel 
raise) of normal heel raises (Normal) and heel raises 
where MTP extension is altered (ToeFlexed; Figure 
1). DTH was used to represent the net contributions 
of the MT and MTP joints and any deformable 
structures distal to the hindfoot [8]. We 
hypothesized that the ToeFlexed condition would 
result in decreased positive work (power integral) at 
the MT joint while DTH work would remain the 
same (i.e. simultaneously reduced MTP negative 
work and MT positive work).  

METHODS 

5 healthy males (age: 29±9.46 years, mass: 
86.75±11.0 kg, height: 1.85±0.04 m) participated in 
this pilot study.  The participant’s right lower limb 
was outfitted with a marker set that included a 
segment cluster on the shank, markers on the lateral 
and medial knee, the lateral and medial malleoli and 
multiple markers on the foot (Figure 1) to separate 

the foot into hindfoot, forefoot, and hallux segments 
[4].  

In conjunction with a motion analysis system 
(Qualisys, Goteberg, Sweden), a force plate (AMTI, 
Watertown, MA) embedded in the laboratory floor 
was used to collect data during the two heel raise 
conditions. For both conditions, participants 
performed 2 sets of 10 heel raises to a metronome 
(45 bpm). Participants were instructed to achieve a 
maximum height during the heel raise. In the 
Normal condition, the participant’s entire foot was 
on the force plate. In the ToeFlexed condition, the 
foot was placed so that the hallux was off the force 
plate and curled over the edge (Figure 1).  

Ankle range of motion (ROM) was calculated to 
verify that subjects achieved the same height during 
the heel raises for both conditions. ROM and work 
done at the MT joint were calculated along with 
DTH work.  

Two-tailed, paired t-tests (α = 0.05) were used to 
identify differences between conditions for each 
metric.  

 

 

Figure 1. Foot and toe position for ToeFlexed heel raise. 

 

 



RESULTS AND DISCUSSION 

The ROM at the ankle joint was not statistically 
different between Normal and ToeFlexed (p=0.33), 
verifying that the subjects were able to achieve the
same height for the heel raise regardless of 
condition. However, the ROM at the MT joint was 
greater during Normal compared to ToeFlexed 
(p=0.02; 21.7±6.5 degrees vs. 18.9±7.5 degrees,
respectively). These results suggest that the 
windlass mechanism was more engaged during the 
Normal condition compared to the ToeFlexed 
condition.

As hypothesized, the work done at the MT joint 
decreased during ToeFlexed (p<0.001), while DTH
work was not statistically different between 
conditions (p=0.99) (Figure 2). However, DTH 
work was higher for both conditions than the work 
done just at the MT joint. Due to the negative work
typically performed by the MTP joint during 
push-off of walking [4, 8] we expected DTH work 
to be less than MT work.  These unexpected 
findings could possibly be explained by differences
between the heel raises and typical walking. Heel 
raises may have reduced MTP negative work since 
the center of pressure does not move as anterior as it 
does in walking and additional positive work may
be performed by joints distal to the MT joint (e.g. 
Lisfranc joint complex).  

CONCLUSION 

During heel raises, work production and motion at
the MT joint are both decreased when MTP 
extension is altered. These results further support 
previous findings of an energetic interplay between 
the MTP and MT joints through the windlass
mechanism [5]. Further work is needed to fully 
understand the elevated DTH work relative to 
previous gait studies. 
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Figure 2. Mass normalized midtarsal and distal to 
hindfoot work (J/kg) for Normal and ToeFlexed. Values 
are means with standard deviation error bars. * 
represents a significant difference from ToeFlexed 
(p<0.05). 
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Introduction  

Gait measurements, such as gait speed, cadence, step 
length, and center of mass displacement, have been 
used to identify post-concussion impairments in both 
adolescent and young adult populations1-2. The 
clinical utility of gait metrics among concussed 
patients allow for recognition of post-concussion 
problems, such as prognosis of prolonged symptom 
duration3. These exams have also demonstrated 
greater sensitivity than neurocognitive tests alone in 
detecting persistent concussion deficits in the two-
month post-injury time frame4. However, the clinical 
application of gait measurements, specifically for the 
identification of these post-concussion impairments, 
is limited due to the time and resources required for 
typical gait analysis performed in the laboratory.  

Emerging technology using a smartphone-based gait 
measurement app has demonstrated acceptable 
validity relative to full laboratory gait analysis5. 
Additionally, gait measurements obtained through 
this smartphone application have shown an ability to 
distinguish concussed versus non-concussed 
individuals6. However, analyses were performed 
using offline procedures. Integrating an automated 
capability to quantify gait metrics would increase 
clinical ubiquity.  

The purpose of this study was to evaluate the test-
retest reliability of a smartphone app for gait 
measurement at two time points (28 days apart) 
among uninjured adolescents.  

Methods 

Ten healthy adolescents enrolled in the study. 
Participants were included on the basis of not having 
a current or prior lower-extremity injury or 
concussion in the last 6 months. Each participant 
completed the smartphone-based gait evaluation at an 
initial session (time 1) and again 27.3±0.5 days later 
(time 2).   

 

 
During single-task trials, participants walked at a self-
selected comfortable pace around an object 6 meters 
away, then returned to the starting position. A running 
waist belt was used to fasten the smartphone to the 
participants lumbar spine, while an Android 
application (Gait Analyzer, Control One, LLC) 
collected, processed, and analyzed accelerometer data 
automatically to produce gait outcomes5-6. 

Dual-task conditions mirrored the single-task trials, 
with the addition of a cognitive test. This cognitive 
test required participants to respond quickly and 
correctly to congruent and incongruent stimuli 
(Stroop Word-Tone Test). Headphones connected to 
the smartphone played one of two words (“High” or 
“Low”) in either a high or low tone. Participants were 
instructed to respond aloud identifying the tone of the 
word, ignoring the word itself. No instruction was 
provided to influence the participants prioritization of 
focus during dual-task trials (Stroop vs walking). 
Participants completed four trials per condition.  

Statistical Analysis 

Spatiotemporal gait measures were compared during 
single-task and dual-task conditions between the two 
time points using paired samples t-tests. To assess the 
linear agreement between measures obtained at the 
first and second assessment, we calculated bivariate 
Pearson correlation coefficients. To determine the 
reliability of measures across the two testing sessions, 
intraclass correlation (ICC) estimates and 95% 
confidence intervals were calculated using a 
consistency, 2-way mixed-effects model with a single 
rater per measurement (ICC [3,1]). 

Results and Discussion  

Ten participants (4 female, 16.1±1.2 years of age, 
169.4±8.7 cm tall, 60.1±9.8 kg) completed both 
assessments.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There were no significant differences between time 1 
and time 2 for any of the single-task or dual-task gait 
measures (Table 1). Among single-task gait 
measures, we observed high or very high test-retest 
reliability (defined as ICC [3,1] values >0.80) for step 
number, trial time, average gait velocity, step length, 
step time symmetry, and step length symmetry (Table 
1). Among dual-task gait measures, we observed high 
or very high test-retest reliability values for trial time, 
gait velocity, and step time symmetry (Table 1).  

Conclusion  

Gait evaluations have shown considerable promise in 
the clinical management of concussion, but 
implementation is currently limited by time and 
resource barriers. Our data suggest an automated 
smartphone app may be a viable technology with 
sufficient reliability for assessment of single- and 
dual-task function among adolescents. Further 
research is required to assess the clinical application 
of this new technology.  
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Table 1. Test-retest means, standard deviations, agreement, and reliability between time 1 and time 2. 

VARIABLE TIME 1 MEAN (SD) TIME 2 MEAN (SD) P VALUE PEARSON R ICC (95% CI) 

                                                  SINGLE-TASK 

NUMBER OF STEPS 22.7 (5.9) 25.2 (4.7) 0.07 0.66 0.85 (0.41, 0.96) 

GAIT VELOCITY (M/S) 0.96 (0.13) 0.95 (0.14) 0.85 0.68 0.85 (0.40, 0.96) 

CADENCE (STEPS/MIN) 103.2 (13.4) 105.6 (10.1) 0.58 0.69 0.55 (0.00, 0.88) 

STEP LENGTH (M) 0.55 (0.08) 0.53 (0.08) 0.45 0.62 0.81 (0.25, 0.95) 

TRIAL TIME (S) 13.5 (3.7) 14.6 (2.6) 0.21 0.87 0.80 (0.21, 0.95) 

DISTANCE WALKED (M) 11.8 (3.2) 12.6 (1.6) 0.31 0.37 0.69 (0.00, 0.92) 

STEP TIME SYMMETRY  16.4 (13.0) 14.6 (14.2) 0.60 0.73 0.82 (0.29, 0.96) 

STEP LENGTH SYMMETRY 18.5 (11.9) 16.7 (7.5) 0.43 0.72 0.87 (0.47, 0.97) 

                                                      DUAL-TASK 

NUMBER OF STEPS 24.6 (7.6) 24.7 (5.9) 0.98 0.66 0.78 (0.11, 0.95) 

GAIT VELOCITY (M/S) 0.93 (0.17) 0.88 (0.16) 0.28 0.68 0.81 (0.22, 0.95) 

CADENCE (STEPS/MIN) 103.8 (10.4) 98.9 (14.9) 0.18 0.69 0.79 (0.15, 0.95) 

STEP LENGTH (M) 0.53 (0.06) 0.53 (0.07) 0.91 0.62 0.76 (0.04, 0.94) 

TRIAL TIME (S) 14.9 (5.6) 15.4 (3.6) 0.58 0.87 0.88 (0.53, 0.97) 

DISTANCE WALKED (M) 12.3 (3.7) 12.1 (2.0) 0.86 0.37 0.48 (0.00, 0.87) 

STEP TIME SYMMETRY  12.3 (9.1) 15.6 (12.1) 0.24 0.73 0.82 (0.28, 0.96) 

STEP LENGTH SYMMETRY 13.4 (4.0) 17.0 (7.3) 0.06 0.72 0.75 (0.00, 0.94) 
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INTRODUCTION 

Horseback riding is a high impact activity that 
requires the riders to maintain upright posture while 
balancing over a moving base of support. Stabiliz-
ing the head in space in this context is very chal-
lenging yet critical, as the head contains the visual 
and vestibular systems that play a decisive role in 
balance control. Elite horseback riders can better 
stabilize their head and postural sway while stand-
ing on an unstable surface than that of non-athlete 
riders [1].  

The repetitive high-level balance practice in 
such of a constrained state may be the reason that 
neuroplasticity in the vestibular physiological func-
tions emerge [2]. Elite figure skaters, with superior 
balance performance in challenging balance task, 
exhibit reduced vestibulo-ocular gains compared to 
non-athletes; suggesting long-term depression due 
to repetitive high speed spinning [3]. Similarly, bal-
let dancers exhibit increased amplitude of vestibular 
evoked myogenic potentials; suggesting long-term 
potentiation due to increased attention for detecting 
subtle postural sway while standing on top-toes [4].  

The purpose of this pilot study was to explore 
the difference postural control strategies horseback 
riders and non-riders may adopt differently and how 
this difference may be related to their vestibular 
physiological functions. 
METHODS 

Six healthy young adults were enrolled in the 
current study (2M, 25.3±6.5 yrs), including 2 active 
horseback riders (AR), 2 infrequent riders (IR), and 
2 non-riders (NR). See table below for detail.  

Balance tests were carried out in the Bertec 
Computerized Dynamic Posturography Immersive 
Virtual Reality (Bertec, Columbia, OH), including 
headshake sensory organization test (HS-SOT), and 
concussion balance test (COBALT). Both tests have 
been shown to challenge vestibular contribution to 

postural control and healthy individuals. Equilibri-
um scores that are calculated based on the center of 
pressure from the force plate were recorded. 

Two vestibular physiological tests were admin-
istered on all participants. Vestibular evoked myo-
genic potentials (VEMP) for the otolith function 
using were tested using Interacoustics EP25 (Eden 
Prairie, MN). The amplitude and latency of p13 and 
n23 were recorded. Video head impulse test (VHIT) 
for function of the vestibulo-ocular reflex was test-
ed for all six semicircular canals using EyeSeeCam 
(Interacoustics, Eden Prairie, MN). VOR gains were 
recorded for further analysis.  

 
Fig 1. An illustration of the Bertec CDPIVR system. A 
participant wearing safety harness were instructed to 
keep their balance while standing in the virtual environ-
ment. Participants may be asked to keep their eyes open, 
closes, or shake their head from side to side with the 
metronome. Participants may be asked to stand on a firm 
surface or a foam pad. The visual surrounding may be 
kept static or sway-reference.  

 

Table 1. Participants characteristics. 

 



RESULTS AND DISCUSSION 
Balance Tests 

The equilibrium scores remained high and com-
parable across all three groups in most conditions. 
However, the group separation emerged in those 
conditions that challenge vestibular function the 
most, including the HS-SOT C5 (EC, SwayRef 
Platform) and C5HS (EC, HS, SwayRef Platform), 
and also in the COBALT FoamHS. In these three 
conditions, ARs seemed to outperform NRs. Inter-
estingly, such separation seemed to vanish in the 
COBALT FoamVS condition during which the ves-
tibular input was deliberately suppressed by asking 
the participants to keep their gaze at the tip of their 
thumb while rotation the arms and the body from 
side to side.   
 

 
 
Figure 2. Equilibrium scores from the ARs (red), IRs 
(black), and NRs (blue) in the HS-SOT (left) and in the 
COBALT (right). 
 
VEMP  

The latency seemed comparable across all three 
groups. However, the peak-to-peak amplitude 
seemed to be the largest in NRs but reduced in ARs. 
This reduction in peak-to-peak amplitude in ARs 
could be an indication of vestibular adaptation due 
to the intensive horseback riding experience. 

  
VHIT 

The VOR gains in all six directions seemed to 
be comparable across all three groups.  

 
Taken together, ARs through horseback riding ex-
perience may induce vestibular adaptation as sug-
gested by the reduced amplitude in VEMP response.  
While the reduced amplitude may be argued as a 
characteristic that makes these individuals good 
candidate for competing such a sport, this would 
require further study to rule out such proposition. 
However, in a well-controlled condition that delib-
erately suppressed vestibular input (COBALT 
FoamVS), NRs were able to have similar level of 
performance as ARs. This would suggest the ARs 
through the horseback riding experience learned 
how to voluntarily suppress/attenuate their vestibu-
lar input.    
 
There are a few study limitations. First, this was a 
pilot study that involved limited number of subjects.  
While the trend seems promising, particular atten-
tion would need to be placed to avoid over-
generalization. Second, the causal relationship be-
tween the horseback riding experience and its im-
pact on vestibular adaptation and strategies for pos-
tural control awaits further investigation via longi-
tudinal study. 
 
CONCLUSIONS 

Horseback riding experience may be a useful 
paradigm for studying vestibular adaptation and its 
influence on postural control during upright stance.  
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INTRODUCTION 
 
Runners with a transfemoral amputation using a 
prosthesis with an articulating knee combined with a 
running-specific prosthetic foot (blade) have a lower 
metabolic cost during running compared to using a 
transfemoral prosthesis without a knee and with only 
a blade [1]. However, the biomechanical changes 
induced by using a prosthesis with an articulating 
knee are unclear. We compared the biomechanics of 
one Paralympic athlete with a unilateral transfemoral 
amputation when running with two different 
prostheses, one with a knee and one without.  
 
We hypothesized that the prosthesis with an 
articulating knee would reduce leg stiffness and 
increase hysteresis in the affected leg (AL) compared 
to the prosthesis without a knee. We also 
hypothesized that the biomechanics of the unaffected 
leg (UL) would not differ between the two 
conditions. Additionally, we hypothesized that peak 
vertical ground reaction force (vGRF) would be 
lower in the knee compared to no knee condition. 
 
METHODS 
 
One female with a left unilateral transfemoral 
amputation ran on a force-measuring treadmill at 
four speeds (3.58 m/s, 3.70 m/s, 3.83 m/s, 3.97 m/s) 
using two running prostheses. The prosthesis with an 
articulating knee (Ottobock, Berlin, Germany) was 
3.0 kg (knee condition); the prosthesis without an 
articulating knee (Fillauer Composites, Utah, USA) 
was 1.2 kg (no-knee condition). 
 
We measured vGRF at 1000 Hz during each trial and 
normalized to the participant’s body weight in each 
corresponding prosthesis. Ten continuous steps from 
each leg were extracted from each trial. We used the 
spring-mass model to calculate leg stiffness [2], 
which equals the quotient of peak vGRF and 

maximum leg compression during stance phase. We 
calculated hysteresis of the leg spring to compare 
energy loss during the stance phase for each 
prosthesis [3]. To assess the mechanism of the 
change in leg stiffness, we determined peak vGRF 
from each leg. 
 
RESULTS AND DISCUSSION 
 
In the knee condition, leg stiffness in the AL 
decreased by 14.6-16.3% and in the UL decreased by 
3.9-6.8% compared to the no-knee condition. When 
running at speeds from 3.58 m/s to 3.83 m/s, the 
difference in hysteresis for each condition was within 
3.6% in the AL. When running at 3.9 m/s, the 
prosthesis with a knee increased energy return (lower 
hysteresis) of the AL by 16.2% but increased 
hysteresis of the UL by 32.5% compared to the no-
knee condition. In the knee condition, peak vGRF 
decreased by 3.4-6.3% in the AL and by 3.8-5.3% in 
the UL compared to the no-knee condition (Fig. 1). 
 
A previous study found that lower leg stiffness was 
associated with reduced metabolic cost in athletes 
with transtibial amputation [3]. We found that leg 
stiffness was lower for a runner with transfemoral 
amputation when running in the knee versus no-knee 
condition. The difference between amputation levels 
limits the application of our current findings. 
However, the current results might provide an 
explanation for the previously reported lower 
metabolic cost in participants with transfemoral 
amputation walking or running using a prosthesis 
with an articulating knee versus no knee (speeds 
ranged from 1.12 m/s to 2.01 m/s) [1]. 
 
In the knee condition, the UL had less of a reduction 
in leg stiffness compared to the AL. However, the 
UL and AL had similar reductions in peak vGRF in 
the knee versus no-knee condition. This indicates 
that changes in leg stiffness might be due to changes 



in leg compression rather than in peak vGRF for the 
UL. More explicitly, the AL was more compliant, 
and UL was stiffer during stance phase in the knee 
condition versus the no-knee condition. Future 
studies are planned to determine how biomechanical 
symmetry changes with prosthetic configuration in 
athletes with transfemoral amputation.  
 
CONCLUSIONS 
 
We compared the biomechanics of a Paralympic 
athlete with transfemoral amputation using a 

prosthesis with and without a knee joint and found 
that use of a prosthesis with a knee resulted in 
biomechanics that would presumably lower 
metabolic cost and better running performance. 
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Figure 1. Leg stiffness*, hysteresis, and peak vGRF between the two prosthetic conditions for the Unaffected 
leg (UL) and Affected leg (AL) during running.  
*Leg stiffness was normalized to body weight in corresponding prosthesis condition and to leg length in m 


	01_RMASB2020_Abstract_Bookelet.pdf
	Abe Abstract - RMASB - Daijiro Abe
	Alenazy_RMASB 022820 - Mohammed Alenazy
	Andreassen_RMASB_2020_Abstract_formatted_v02 - Thor Andreassen
	Bandera_2020_Bandera_RMASB_Abstract - Vicky Bandera
	Barker_Final RMASB Abstract 2020 - Justin Barker
	Barnamehei_Abstract - RMASB 280220 - Hamidreza Barnamehei
	Brill_abstract final - Jackson Brill
	To Run or to Walk Uphill: A Matter of INCLINation?

	Butter_AbstractRMASB - Dorien Butter
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	Clark Abstract - RMASB.Utah - Mindie Clark
	Colvin_Sloped Walking EMG Abstract - Zane Colvin
	Coomer_Abstract_RMASB_Final - Wade Coomer
	Corrigan_RMASB Abstract_Corrigan 2020_FINAL - Jack Corrigan
	DavisL_RMASB2020 MS abstract - Leah Davis
	Faber_RMASB_V5 - Greg Faber
	Feamster Abstract - Laura Catherine Feamster
	Gagliardi_Final_ASB abstract_isokinetic performance_Gagliardi - Lexi Gagliardi
	Gonabadi_AmEtAl-ASBRM2020-HipExo_6 - Arash Mohammadzadeh Gonabadi
	Gorsic_RMASB 2020_submitted - Maja Goršič
	Hall-Nelson RMASB Abstract - Brianna Hall
	Helwig RMASB Abstract 2020 - Caitlyn Helwig
	Hernandez_2020 RMASB Abstract VFinal - Jose Anguiano-Hernandez
	Hess_2020 RMASB Abstract - Gabrielle Hess
	Higinbotham_RM_ASB_Abstract_Higinbotham - Sean Higinbotham
	Hirschman_RMASB 2020 Caelyn Hirschman Abstract - Caelyn Hirschman
	Hood RBASM Abstract - SARAH HOOD
	OPEN DATASET OF 18 ABOVE-KNEE AMPUTEES WALKING AT 5 DIFFERENT SPEEDS WITH THEIR PRESCIRBED PROSTHESES
	Sarah Hood1*, K. B. Foreman1,2, Tommaso Lenzi1
	1Department of Mechanical Engineering and Utah Robotics Center, University of Utah, Salt Lake City, UT, USA
	2Department of Physical Therapy and Athletic Training, University of Utah, Salt Lake City, UT, USA
	* Corresponding Author Email:  sarah.hood@utah.edu
	INTRODUCTION
	METHODS


	Hovater RMASB Abstract 2020 - Whitney Hovater
	Hurt_RMASB_Tripp 2.0 - Tripp Hurt
	Jeong_Hwigeum_Abstract_ASB2020 - hwigeum Jeong
	Jeong_Hwigeum_ASB2020_Abstract_Feb28 - hwigeum Jeong
	Joca_TENS_RMASB Abstract_11.1.19 - Joey joca4065
	Kline MS RMASB FINAL - Paul Kline
	Kreter_RMASB_Abstract - Nick Kreter
	Kutcher_RMASB 2020 Abstract_Kutcher - Stephanie Kutcher
	Liang_2020 Rocky Mountain ASB_Abstract Final_Liang - Virginia Liang
	Ling_Abstract2020-FALLING AS A STRATEGY TO DECREASE KNEE LOADING DURING LANDINGS - Ling
	Marbaker_RMASB2020_Marbaker_Effect of effort cost on motor learning_submit - rachel marbaker
	Martinez_G_Regis Research Abstract 2020 - Seth G
	Mazzo Abstract - RMASB 2020 - Melissa Mazzo
	McGuinness_RMASB 2020_Final - Brenna McGuinness
	Monaghan_RMASB_Abstract_Final - Andrew Monaghan
	Odom_AO_RMASB_2_24 - Arianna Odom
	INTRODUCTION
	Sensory reweighting, the ability to change the relative contribution of visual, vestibular and proprioceptive systems to balance in response to a changing environment, is critical to
	balance maintenance [1]. The cerebellum contributes to sensory re-weighting through its white matter connections to the brainstem, the cerebellar peduncles by receiving proprioceptive and vestibular information with the inferior cerebellar peduncle (...
	METHODS
	Twenty-four PwMS (17 female, 7 male) and twenty-one age- and gender-matched neurotypical participants (HC) (16 female, 5 male) underwent the Clinical Test of Sensory Integration on Balance in the clinically designed order: rigid surface, eyes open (C1...
	RESULTS AND DISCUSSION
	PwMS exhibited significantly greater path length and RMS across all sensory-manipulated conditions, demonstrating worse balance than HC (Figure 1). We detected significantly lower FA and greater RD across all cerebellar peduncles in PwMS, showing that...

	Patel_RMASB_2020_Abstract - Prakruti Patel
	Rankin_RMASB Abstract RankinM Joint Moments in Triangle Pose - Mary Rankin
	INTRODUCTION
	METHODS
	RESULTS AND DISCUSSION
	REFERENCES

	SabbaghNovin_RMASB2020
	Sammie W. Yost RMASB 2020 v10 - Samantha Yost
	INTRODUCTION
	Previous research has shown that running likely alters knee articular cartilage morphology (i.e., cartilage thickness and volume; [1]). Anterior knee pain (AKP) is common for individuals who run; however, it is unclear how/if AKP alters the effects of...
	METHODS

	seehusen_rmasb_final - Cory Seehusen
	Swanson_RMASB_Swanson_Final - Clayton Swanson
	Tvrdy_RMASB2020_Abstract_Tvrdy - Taylor Tvrdy
	Whittier_TW_RMASB_2020 - Tyler Whittier
	Williams_RMASB2020 - Lauren Williams
	Wingerson RMASB Abstract - Mathew Wingerson
	Zhang_RMASB2020 - Janet ZHANG
	INTRODUCTION
	METHODS
	RESULTS AND DISCUSSION





