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Introduction 

 Wheelchair basketball is one of the most established sports in 

the Paralympics. It is a team sport where athletes with varying 

degrees of disabilities participate based on a point-based 

classification system [1]. The ability to consistently score free 

throws is an especially crucial skill in wheelchair basketball 

because it is the only uncontested scoring opportunity in the game 

[2]. Wearable sensors or optical-based motion tracking systems 

are used to study and optimize the motion of athletes in various 

sports, but are expensive, boast a long setup time and hamper 

mobility [3]. The purpose of this research is to develop a system 

that eliminates the need to wear sensors or fiducial markers to 

capture the mechanics of the athlete’s arm during a free throw. 

Computer vision can be used to determine the joint positions of 

the human body in a video through pose estimation [4]. Pose 

estimation allows coaches to analyze the angular position and 

velocity of the arm segments during the free throw and correct 

shooting mechanics more objectively.  

 

Methods 

 Pose estimation convolutional neural network (CNN)-based 

frameworks are trained using the COCO dataset and fine-tuned 

on the COCO-Wholebody dataset [5] to detect 133 joints, of 

which, the shoulder, elbow, wrist, and most distal joint of the 

index finger (end effector) were used for biomechanical analysis 

of the shooting arm. Pose estimation CNNs determine the 

location of the joints in a sagittal-plane video recording of a free 

throw shot. A separate CNN-based object detector is used to track 

the position and velocity of the basketball at release.  

Joint locations predicted by pose estimation CNNs can be 

used to determine the angle of each joint in the frames of the 

video. 2D forward kinematics of the shooting arm is calculated 

using angular velocities of the arm segments, and it can be used 

to estimate the arm’s contribution to the release conditions of the 

basketball. The release height, speed and angle of the basketball 

is compared against the optimal launch conditions to assess the 

success and the margin of error of the free throw attempt [6]. 

 Video data of 300 free throws were collected from a national 

wheelchair basketball athlete using an iPhone XS Max at 60 fps 

with 720p resolution. Each free throw video was analyzed by 

pose estimation CNNs to determine the joint angles of the 

shooting arm.  

 

Results and Discussion 

 The accuracies of four pose estimation CNNs were assessed 

by comparing their joint angle predictions against manually 

annotated joint angles in 10 successful free throw videos. Root 

Mean Square errors (RMSEs) were calculated for the joint 

angles, indicated in Table 1. There exists more error in the 

prediction of the wrist angle because the hand, being the fastest 

moving segment in the frame of the video, appears blurry. A 

phone camera with a higher framerate would mitigate the blurred 

hand artifact.  

 Among the pose estimation models shown in Table 1, HRNET 

Dark+ is the most accurate model with the least RMSE in joint 

angle prediction (degrees). This is expected, because HRNET 

Dark+ has the highest mean average precision (mAP) of 66% 

compared to the other pose estimation models on the COCO-

Wholebody dataset.  

Figure 1 displays the result of pose estimation in the 

localization of joint positions and calculation of joint angles.  
 

Table 1: RMSE values of pose estimation CNNs joint angle prediction 

against manually annotated joint angles (in degrees) 

 HRNet 

Dark+ 

ViPNAS 

ResNet50 

ResNet152 HRNet 

w48 

Shoulder 4.55° 6.26° 6.02° 5.45° 

Elbow 6.11° 26.58° 7.15° 9.37° 

Wrist 15.14° 60.49° 28.65° 13.78° 
 

 
Figure 1: Joint angles from pose estimation during a free throw  

 

Significance 
Angular velocities of arm segments determined by pose 

estimation allows for quantified assessment of the muscle 

coordination during the free throw, and objectively highlights 

areas of refinement. Furthermore, deployment of pose 

estimation in a mobile environment allows a coach to 

seamlessly augment athlete training through a convenient 

mobile app on their smartphones.  
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Introduction 
 The fibula is important for lower extremity function, as it 
provides load transmission [1], knee joint stability [2], and ankle 
joint stability [3]. Yet, fibular biomechanics are not well 
understood. For example, the only study characterizing fibular 
kinematics using fluoroscopy lacks data during the most common 
lower limb task, gait [4].  Measuring fibular kinematics with skin 
markers would provide an alternative with lower equipment cost,  
data processing, and irradiation demands than fluoroscopy. 
However, skin marker motion capture, to our knowledge, has not 
been used to explicitly measure fibular kinematics.  Using skin-
markers also requires a model for inverse kinematics that 
includes fibular motion, but most common open-source models 
define the fibula as a rigid segment concomitant with the tibia. 
Validated, easy to use experimental and computational methods 
for analysing the fibula are needed for understanding the 
biomechanical implications of pathologies that affect the fibula 
(e.g. syndesmosis injury). In this context, the primary objective 
of this study is to evaluate whether skin marker motion capture 
can measure fibular motion. We specifically develop a novel 
marker set to track the fibula, augment a full-body kinematic 
model [5] with a novel mobile fibula, and characterize fibular 
motion using inverse kinematics.  
 
Methods 
 Three healthy subjects (2 female, 24 ± 1 years, 63 ± 9 kg) 
participated in this IRB-approved study (UF#202100793). 
Kinematic data were recorded for each subject during 6 trials of 
overground gait and double-leg heel rise. Skin marker motion 
capture data were collected at 200 Hz with a 30-camera Motion 
Analysis system. A full-body marker set that combined the Helen 
Hayes marker set with the Rizzoli multi-segment foot marker set 
was used. To track the fibula, additional markers were added to 
the proximal, shaft, and distal bony landmarks of the fibula.  
 Anthropometrically-scaled models were generated for each 
subject in OpenSim v4.0 by scaling a version of the Rajagopal 
full-body model [5] that was augmented with a mobile fibula 
capable of moving in 6 degrees of freedom relative to the tibia. 
Fibular motion was calculated from inverse kinematics. Fibular 
internal/external rotation is primarily reported, as the fibula had 
the largest motion in this direction.  
 Given that the magnitude of fibular motion is known to be 
small, we also tested whether estimated fibular motion exceeded 
soft-tissue artifact by calculating inter-marker Euclidean distance 
between tibial and fibular markers at the proximal and distal ends 
of the shank. These distances were compared to skin marker 
motion artifact, reported as inter-marker translational range of 
motion (ROM)  during gait [6].  
 
Results and Discussion 
Subjects displayed a mean ROM of 16.5±1.4 degrees for 
internal-external rotation of the fibula during gait (Fig 1). During 
double-leg heel rise, subjects displayed a mean ROM of 7.7±0.4 
degrees for external-internal rotation of the fibula. Heel rise data 
for one subject necessitated exclusion due to outliers (~19°).  

 
Figure 1: Fibular rotation in gait. Shading is st. dev. across 6 trials. 

 

 To our knowledge, fluoroscopic data quantifying fibular 
kinematics has not been published for gait. Computed internal-
external rotational ROM of the fibula agrees well with the 
internal-external rotational ROM quantified by Cornejo et al. for 
double-leg heel rise (8.1±3.3 degrees) using fluoroscopy. This 
suggests that our novel fibular marker set and augmented full 
body musculoskeletal model successfully leverage skin marker 
motion capture to measure fibular kinematics.   
 Maximum inter-marker Euclidean distance over the gait cycle 
at the proximal and distal tibiofibular joints exceeded known 
inter-marker translational ROM due to skin motion, giving 
further credence fibular motion measurements. Specifically, 
inter-marker translational ROM at similar marker locations to 
those studied herein varies between 4.4 to 9.3 mm across the 
shank [6]. We found maximum translational ROM to be 4.7 mm 
and 10 mm at the proximal and distal tibiofibular joints, 
respectively (Table 1). This suggests our novel fibula marker set 
tracks fibular motion despite the presence of soft tissue artifact. 
 

Table 1. Summary of computed marker translational tibiofibular ROM  
 Min (°) Max (°) Mean (°) Std. Dev (°) 

Proximal 1.7E-3 4.7 1.7 0.9 
Distal 0.0 10.0 0.8 0.8 

  
Significance 
 Leveraging skin marker motion capture to characterize 
fibular motion provides an exciting step toward easily studying 
fibular biomechanics. Expanding musculoskeletal models to 
include fibular motion also builds a foundation for evaluating 
complex ankle pathologies through computer simulations.  
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Introduction 

The body movements during gait include upper thorax and pelvis 

rotations in the transverse plane [1]. At a self-selected gait speed, 

the amplitude of rotation of the upper thorax was found to be 

larger than that of the pelvis (around 10° vs 7°) [2]. The 

amplitude of pelvis rotation was found to increase with gait 

speed, but this was not observed for thorax rotation [2]. Later, it 

was proposed that the stride length is the main factor that 

determined the amplitude of pelvis rotation, with larger rotations 

associated with larger strides [3]. Thorax rotation also, increased 

with increasing stride length [3], but this was likely because 

longer strides led to greater arm movements that in turn, resulted 

in larger rotation at the upper thorax.  

     In our research on spatial orientation, we have studied the task 

of stepping in place, but little is known regarding shoulder and 

pelvis rotations during this task. Since there is no forward 

movement of the swing leg during stepping in place, the 

amplitude of pelvis rotation should be smaller than during gait. 

In contrast, if the arm movement amplitude was similar during 

stepping in place and during gait, then, the amplitude of rotation 

of the upper thorax, or shoulders, should be relatively similar in 

the two conditions. However, if the steps were higher during 

stepping in place, arm movements should be greater and shoulder 

rotations, larger. From this, the question arises as to whether the 

amplitude of shoulder and pelvis rotation during stepping in place 

may be influenced by the step height. The aims of the study were 

to describe the shoulder and pelvis horizontal rotations during 

stepping in place, and to compare the rotation amplitudes 

between stepping at a comfortable step height (CoStep) and with 

lifting the knees high (HiStep). 

 

Methods 

Twelve healthy adults (22 years old, SD 2) were blindfolded and 

stepped in place for 50 consecutive steps at CoStep and HiStep, 

i.e., with approximately 45° and 90° of hip flexion, respectively. 

The stepping frequency was self selected and was around 1.7 

steps/s. Five trials in each condition were performed. The 3-D 

position of markers placed on the right and left shoulder 

acromion, posterior superior iliac spine (PSIS) of the pelvis and 

heel calcaneus was recorded at 200 Hz with the Vicon512TM. 

The angular position in the transverse plane of the segments 

connecting the two shoulders and the two PSIS was gathered for 

each of the 50 steps, i.e., when the heel of the swing leg was at 

its peak vertical position. The direction and amplitude of shoulder 

and pelvis rotations were obtained for each step, and the 

amplitude was averaged for each trial. The step height was 

defined as the peak vertical displacement of the heel marker and 

was averaged across the 50 steps. The mean step height was 

normalized according to the participant’s height. 

The effect of step height (CoStep vs HiStep) on the shoulder 

and pelvis rotation amplitudes was determined with paired t tests. 

The relationship between step height and rotation amplitude was 

described with the Pearson’s correlation coefficient. 

Results and Discussion 

Shoulder and pelvis rotations were observed in all participants. 

In CoStep, the amplitude of shoulder rotation (11°, SD 3°) was 

significantly larger than that of the pelvis (7°, SD 5°; t(11) = 4.6, p 

< 0.01). Figure 1 shows an example from participant #7. 

 
Figure 1: Illustration of the alternating leftward (positive) and rightward 
(negative) horizontal rotation of the shoulder (black line) and pelvis (grey 
line) during a 50-step trial in CoStep. 
 

     As expected, the amplitude of shoulder rotation was of similar 

magnitude as during gait at a comfortable speed [2]. However, 

the amplitude of pelvis rotation was not smaller than during gait 

[1,2,3], which indicates that pelvis rotation is not only led by the 

forward movement of the swing leg during gait [3], but also by 

the hip flexion that occurs both during stepping in place and gait.  

The step height was significantly higher in HiStep (26.4%, 

SD 3.9%) than in CoStep (16.0%, SD 3.7%; t(11) = -13.4, p < 

0.01), and the amplitude of shoulder rotation was significantly 

higher in HiStep (14°, SD 5°) than in CoStep (11°, SD 3°; t(11) = 

-3.4, p < 0.01). There was no difference for pelvis rotation (p > 

0.05). There was a significant positive correlation between the 

step height and the amplitude of shoulder rotation in CoStep (r = 

0.61, p = 0.04). Thus, the greater hip flexion in HiStep led to 

larger shoulder rotations, and this was likely due to larger arm 

movements than in CoStep. In contrast, the amplitude of pelvis 

rotation was not influenced by the step height, likely because the 

extent of hip flexion had a limited impact on pelvis rotation, and 

that when there is no increase in stride length, like with HiStep 

vs. CoStep, there is no further increase in pelvis rotation. 

 In summary, our descriptive study of axial movements during 

stepping in place revealed that the shoulder rotation was larger 

than the pelvis rotation and that the step height influenced the 

amplitude of shoulder rotation, but not that of the pelvis. 

 

Significance 

This research sheds light on the control of upper trunk and pelvis 

movements during stepping in place. In a larger context, it relates 

to the intentional body rotation observed during stepping without 

vision, that was found to be greater at HiStep than CoStep [4]. 

Thus, larger repetitive upper trunk rotations at HiStep may have 

affected the control body rotation, more so than at CoStep. 
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Introduction 

Greater movement competency (MC), defined as the ability 
to maintain certain kinematic features under various demands, 
and mobility could play a role in how fast a swimmer is in the 
pool. Specifically, the ability to control shoulder motions across 
more tasks during the screening process was associated with 
faster swimming times. 

The purpose of this investigation was to explore the 
relationship between shoulder and hip mobility as well as MC in 
relation to swimming racing times. We hypothesized that having 
active mobility at the shoulder and hip and greater MC would be 
associated with faster swimming racing times.  
 
Methods 

38 athletes (20 males, 18 females, mean ± SD age 20.19 ± 
1.79 years) from the University of Toronto swimming varsity 
team were recruited for this study. A mobility screen (MS) and a 
physical literacy screen (PLS) was implemented. The MS was 
used to classify shoulder and hip flexion as no passive, passive or 
active with a grade of 3, 2 or 1, respectively. The PLS was used 
to determine athletes’ MC and was composed of 15 tasks across 
3 domains (Reps/Work/Tempo) using 5 patterns (squat, lunge, 
hinge, push, pull). One pattern was performed in each domain. 
The repetitions domain tasked athletes with doing 15 repetitions 
per side. The work domain tasked athletes to continuously 
perform repetitions for 30s. The tempo domain tasked athletes to 
perform 10 repetitions in less than 15s. All 15 tasks had a back 
control criterion while only the 6 push and pull exercises had a 
shoulder control criterion. For each of the 15 exercises in the 
PLS, athletes received a score of either 1 (maintained neutral 
spine) or 0 (did not maintain neutral spine). The same summation 
of shoulder control scores was conducted for the 6 upper body 
exercises. A score of 1 was given to tasks where shoulders were 
down (away from the ears) and back (no rounding) and a score of 
0 for when those features were not maintained.  

Swimming times were standardized to FINA points using the 
following formula: FINA points = 1000 * (B/T) 3. With swim 
time (T) and the base time (B) in seconds. Base time is the latest 
world record that was approved by FINA. The closer the 
performance is to 1000, the closer it is to the most current world 
record. The mean ± SD of athletes’ best performance and average 
of best 4 performances in 2019 were 736.39 ± 81.14 and 696.3 ± 
67, respectively.  
 Simple linear regression was used to test if each predictor 
variable (back control, shoulder control) significantly predicted 
either best or average swimming performance. A one-factor 
ANOVA was conducted on average and best swimming 
performance with shoulder and hip mobility. All statistical 
analyses were performed in R (v4.1.2).  
 
Results and Discussion  

The overall regression model was statistically significant, 
F(1,34) = 4.34, p < 0.05. Shoulder control was a statistically 
significant positive predictor and explained 8.9% of variance for 
best swimming performance, b = 20.45, p < 0.05. Regression 
models were not statistically significant for any other predictor 
variables. The results from all one-factor ANOVAs analysis were 

also not significant. Swimmers with better shoulder control 
during upper body exercises in the gym were also faster at 
swimming. Although it was not significant, the gap in FINA 
points (65), using best performance, between swimmers who 
maintained a neutral spine between 10-12 tasks and 1-3 tasks 
would have been the difference between finishing 2nd or 10th at 
nationals (2019) in the men’s 100m freestyle (Figure 2). The 
same trend was demonstrated in swimmers with better hip 
mobility as well as being able to control shoulders in more tasks 
for both best and average performance (Figure 1). 
 

 
Figure 1. Swimming performance (FINA points) based on how 
many tasks athletes were able to maintain shoulder control. 

 
Figure 2. Swimming performance (FINA points) based on how 
many tasks athletes were able to maintain neutral spine.  
  
Significance 

While these findings are only correlational and shoulder 
control was the only statistically significant predictor of 
performance, exercise practitioners should consider the potential 
role of mobility and movement competency in relation to 
performance. The trend demonstrated in this abstract are in line 
with unpublished research, which found significant relationship 
between movement competency, mobility and performance in the 
deadlift, broad jump and yo-yo running task.  
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Introduction 

Stroke is the leading cause of disability in the US. 

Approximately 80% of stroke survivors have upper extremity 

impairment [1]. Upper extremity impairment characteristics vary 

widely among patients due to heterogeneity in lesion locations 

[2]. Therefore, effective rehabilitation requires characterization 

of the upper extremity impairment behavior and understanding of 

the underlying neural mechanism for the specific impairment 

behavior [3]. 

One of the common upper extremity impairments post stroke 

is impaired feedback control [4]. Feedback control entails online 

adjustment of movement based on sensory feedback [5]. 

Feedback control is distinguished from feedforward control 

which is based on prediction of the system state [6]. Patients with 

impaired feedback control may grip with excessive force 

resulting in a crushed paper cup or with altered grip force 

direction resulting in the grasped object slipping off between 

fingers [7].  

Sensorimotor integration is essential for online adjustment for 

feedback control. However, the direct association between the 

extent of impaired feedback control and the extent of impaired 

cortical sensorimotor integration in the pathologic condition such 

as stroke has not been examined. The objective of this study was 

to determine if feedback control is associated with cortical 

sensorimotor integration.  

 

Methods 

Ten chronic stroke survivors participated in the study (age 

mean+SD=61+10 years, time since stroke mean+SD=4+3 years, 

5 male/5 female, Box and Block test score mean+SD=30+16). 

Cortical sensorimotor integration was quantified by short latency 

afferent inhibition (SAI), which represents the responsiveness of 

the primary motor cortex to somatosensory input from the 

sensory cortex [8]. Transcranial magnetic stimulation (TMS) was 

applied using a Magstim® BiStim2 2002 stimulator (The 

Magstim Company Limited, UK) to the hotspot that resulted in 

the highest motor evoked potential (MEP) in the abductor pollicis 

brevis muscle in the affected hand. Conditioning median nerve 

stimulation was applied using a constant current stimulator 

(DS7A, Digitimer, Hertfordshirt, UK) through surface electrodes 

located on the affected wrist with the cathode proximal and a 0.2 

ms square current pulse was delivered with an amplitude three 

times that of the sensory threshold. SAI was computed as 1 minus 

the ratio of the conditioned MEP amplitude (in response to TMS 

preceded by the median nerve stimulation) to the unconditioned 

MEP (TMS without the median nerve stimulation) [8].  

Feedback control was quantified using safety margin [9] and 

grip force direction [10]. Participants were instructed to grasp an 

instrumented object using the thumb and index finger, steadily 

hold it against gravity for a few seconds, and then slowly release 

it. Safety margin was computed as the difference between the grip 

force applied during the steady hold and the minimum grip force 

required to prevent the device from slipping from the grasp. Grip 

force direction was computed as the angular deviation of fingertip 

force from the direction orthogonal to the device surface during 

steady hold, averaged for the two fingers. Pearson correlations 

between SAI and feedback control performances was examined. 

As negative control, we also examined associations between 

SAI and other motor behaviours such as reaction and relaxation 

time which rely less on feedback control. Reaction and relaxation 

times were quantified as the time to initiate and terminate grip 

force application upon cue, respectively [5].  

Results and Discussion 

SAI correlated with safety margin and grip force direction 

(Figure 1). Correlations between SAI and feedback control 

measures (safety margin and grip force direction) were high 

(r=0.60-0.63). SAI did not correlate as well with other motor 

behaviors such as reaction and relax times (r=0.32-0.36).  

 
Figure 1. Correlation between SAI and safety margin and grip force 

direction 

Significance 

The sensory side of the motor rehabilitation is often 

overlooked [6]. The data shows that the extent of impairment in 

feedback motor control is associated with the extent of the 

cortical sensorimotor integration in stroke survivors. This 

knowledge informs personalized rehabilitation treatment. For 

example, treatment may focus on practicing tasks that utilize the 

target neural pathway [11], complemented by use of 

neuromodulatory techniques [12]. Specifically, for stroke 

survivors with impaired feedback control, treatment options may 

include complementing therapy with paired associative 

stimulation [6] to directly target the cortical sensorimotor 

integration, as opposed to repetitive TMS targeting corticospinal 

pathway [13]. 
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Introduction 

Total knee arthroplasty (TKA) is the recommended treatment 

in patients with advanced stages of knee osteoarthritis. The 

research showed good results after TKA for symptoms such as 

the pain, though some deficits are persistent1. Inter-segmental 

coordination provides insights about the joint impairment status2. 

Inappropriate coordination can cause stress within the joint and 

soft tissues, which can worsen the injury and pain3.  

To improve the knee function after TKA, it is important to 

identify movement deficits during functional activities. The aims 

of this study were to compare the thigh-shank coordination and 

the knee motion during the gait in patients pre- and post-TKA 

with controls (CTRL).  

 

Methods 

The study compared 18 patients (M=9, F=9; age=64.1 ± 5.9 

years old) pre- and post-TKA with 13 healthy controls (M=8, 

F=5; age=62.9 ± 5.5 years old). All patients went through motion 

analysis within one month of surgery, and one year following 

surgery. The participants were outfitted with a full-body marker 

set. Five gait cycles were analysed for each participant. Gait 

speed and knee joint angles were calculated. To perform the 

coordination analysis, the time series of the thigh and shank 

orientation in relation to the laboratory coordinate system were 

extracted. The coordination between the thigh and shank in the 

sagittal plane (forward and backward movement) was calculated 

using a vector coding technique4. The coupling angles were 

categorized into four coordination patterns. The frequency of 

each pattern in the cycle and the gait speed were compared with 

a one-way ANOVA with Bonferroni post-hoc. The comparisons 

of the coupling angle and knee angle during the cycle were 

performed with the statistical parametric mapping (SPM).    

 

Results and Discussion 
The walking speed and the inter-segmental coordination 

during the swing phase did not show differences between the 

groups. For the knee ROM (Figure 1), the Control group showed 

greater extension in relation to the pre-TKA during the 33 to 49 

% and 94 to 97 % of the gait cycle. During the stance phase, the 

differences were around 10 degrees. 

 
Figure 1: Knee ROM between the groups. The blue shaded rectangle 

highlights the differences between pre-TKA and CTRL group. 

The coordination during the stance phase showed differences 

between pre- and post-TKA in relation to the CTRL (Figure 2).  

For the coupling angle, the differences occurred between pre-

TKA and CTRL for 22 to 25% of the cycle and between post-

TKA and CTRL for 22 to 28% of the cycle. The analysis of the 

frequency of each pattern showed higher frequency of in-phase 

pattern for the pre-TKA (64.2 ± 13.2%) and post-TKA (62 ± 

9.9%) in relation the Control group (45.4 ± 13.4%). The thigh 

phase was more frequent for Control (16.2 ± 10.5%) than the 

other groups (pre-TKA 3.7 ±7.8 and post-TKA 4.9 ± 6.9).  

 

 
Figure 2: (A) The coupling angles during the stance phase; the 

horizontal dashed lines show the ranges of each coordination pattern. (B) 

The relative frequency of the coordination patterns during the stance 

phase. *Significant differences between pre-TKA and CTRL; post-TKA 

and CTRL. 

The results of the knee ROM and the intersegmental 

coordination showed more differences in relation to the controls 

for the pre-TKA group. Pre-operatively, patients showed limited 

knee extension angle during the stance phase. The results of post-

TKA indicated better results in relation to the pre-op evaluation. 

However, the intersegmental coordination had a more frequent 

in-phase pattern during the stance phase compared to the 

controls. The moment in the gait cycle that the coordination 

differences occurred may be related to a reduced capacity of the 

patients to extend the knee (forward movement) while the hip 

continues the extension (backward movement). 

 

Significance 

The results of this study showed reduced range of motion of 

the knee in the patients pre-TKA but the differences tended to 

become lower one year after TKA. Knee extension was greater 

post-TKA, but still limited. The results of the inter-segmental 

coordination of the TKA patients demonstrate the knee stiffness 

during the stance phase. Our findings indicate reduced degrees of 

freedom between the thigh and shank.  
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Introduction 

 The first carpometacarpal (CMC) joint has 3 degrees of 

freedom and facilitates complex motions, such as grasp. When 

osteoarthritis (OA) impacts this joint, it can hinder one’s ability 

to perform activities of daily living. Although it is accepted that 

there is often a disconnect between self-reported pain and 

functional disability in patients with OA [1-2], only a limited 

number of studies include both pain and movement 

measurements [3]. An important metric for examining the 

intersection of pain and movement is movement-evoked pain 

(MEP), or pain elicited during motion. Evaluation of MEP can 

highlight the bi-directional association of pain and movement [2] 

since the adaptation and feedback response of pain guides 

movement changes. To our knowledge, only one study measured 

range of motion (ROM) in individuals with CMC OA, yet this 

study only included pain-at-rest measurements [4]. Incorporating 

MEP with biomechanical measurements will elucidate the 

paradoxical relationship of when movement evokes versus 

alleviates pain. In this context, the aim of this study was to 

examine movement and pain differences during CMC joint range 

of motion (ROM) tasks. We hypothesized that individuals with 

CMC OA would have significantly reduced ROM and higher 

pain ratings in comparison to age-matched healthy controls.  

 

Methods 

 Six CMC OA participants (67.5 ± 9.8 years old) and six age-

matched healthy controls (66.8 ± 13.4 years old) participated in 

this IRB-approved study (IRB#201900693). All participants 

were female given the high prevalence of CMC OA in women.  

 Motion data were collected at 100 Hz using a 12-camera 

Vicon system. The upper limb marker set importantly included 

31 markers on the hand (4 markers on the CMC segment). Each 

participant completed two single plane (flexion/extension, 

adduction/abduction) and one multiplanar (circumduction) CMC 

joint ROM tasks. For single plane tasks, motion was constrained 

by having participants move their thumb along a guide. These 

tasks were performed 3 times each. For circumduction, 

participants were instructed visually and verbally to draw a circle 

as big as possible with their thumb. This task was performed 5 

times. Pain rating were collected before, during, and after each 

task using a 101-mm visual analog scale (VAS) to evaluate MEP.  

 Motion capture data was processed in OpenSim (v. 4.2) using 

an upper limb model [5] anthropometrically scaled to match each 

participant. Inverse kinematics was performed to calculate joint 

angles from the collected motion data. ROM was calculated as 

the angle difference between the beginning and end position of 

the CMC joint during each task. Additionally, for circumduction, 

the area of the circumscribed circle was calculated from the 

position of the most distal thumb marker using a custom Matlab 

script. Participant data was averaged across trials and cohorts. 

Paired t-tests (pairing based on age matching) were performed to 

compare ROM and pain differences across cohorts and to 

compare differences between pain at rest and MEP for each task 

within the same cohort. A p-value <0.05 was deemed significant.   

Results and Discussion 

 MEP during multiplanar motion was significantly different 

between CMC OA and healthy control participants (p = 0.04). 

Specifically, the CMC OA participants had a mean VAS score 15 

mm higher during circumduction than controls. Although not 

statistically significant, the MEP during flexion/extension and 

adduction/abduction tasks were 10 and 11 mm higher, 

respectively, in the CMC OA participants as compared to the age-

matched controls; a difference of 9 mm is considered clinically 

significant [6]. MEP and pain-at-rest (i.e., before and after the 

task) were also significantly different during circumduction in the 

CMC OA participants (p = 0.02). No significant differences were 

found between cohorts in CMC ROM during any of the 

performed tasks. However, similar to a previous study [4], CMC 

OA participants had decreased ROM during the 

adduction/abduction task and smaller filled area during 

circumduction (-633 mm2) than age-matched healthy controls 

(Fig. 1). Overall, our data highlights the heterogeneity of 

movement and pain data across and within cohorts. Given the 

complexity of pain and OA, elucidating differences across the 

extremes in the CMC OA participants and age-matched healthy 

controls can inform treatment and surgical decisions.   

 

 

Significance 

  Effective treatments for CMC OA are lacking. 

Understanding the interplay of pain and movement can improve 

patient outcomes through novel treatments aimed to provide pain 

relief without the unintended consequence of limiting mobility.  
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Introduction 

Running-related injuries are common for adolescent long-

distance runners. Overstriding (i.e., longer stride length) has been 

suggested to increase the risk of sustaining a running-related 

injury [1]. In adult long-distance runners, longer step lengths 

were associated with larger vertical loading rates [2] and braking 

impulse [3], factors that have been linked to running-related 

injuries [4,5]. However, it is unknown if stride length is related 

to ground reaction forces (GRFs) in adolescent long-distance 

runners. The purpose our study was to investigate the 

relationships between stride length and GRFs in adolescent long-

distance runners. We hypothesized that longer stride lengths 

would be related to larger GRFs. 

 

Methods 

Adolescent long-distance runners (F = 47, M = 44, age = 14.7 ± 

2.0 y, BMI = 19.5 ± 2.3 kg/m2) underwent a 3-dimesional running 

analysis while instrumented with retroreflective markers. 

Following a treadmill warmup at a self-selected velocity, 

participants completed familiarization runs over a 20 m runway 

with embedded force plates. We instructed participants to run at 

a comfortable velocity that was “not too hard or too easy” and 

monitored the participant’s running velocity with timing gates. 

The average velocity during the familiarization runs was set as 

the participant’s self-selected velocity for the data collection. 

Participants repeated trials over the runway until a minimum of 5 

successful trials were recorded for the left and right foot (i.e., 

striking the force plate, within 5% of self-selected velocity).  

We collected marker trajectory data at 120 Hz using a 12-

camera system synchronously with force plate data at 1800 Hz. 

Initial contact and toe-off events were detected when the vertical 

ground reaction force exceeded and dropped below 20 N, 

respectively. We normalized GRFs to percent body weight (BW) 

and extracted GRF variables using a custom MATLAB script. 

We used partial correlations to compare the relationships 

between normalized stride length (% leg length) with peak 

braking force (GRFb [BW]), peak vertical GRF (GRFv [BW]), 

vertical impact peak (VIP [BW]),], vertical instantaneous loading 

rate (VILR [BW/s]), and vertical average loading rate (VALR 

[BW/s]), while controlling for self-selected running velocity 

(m/s). Briefly, GRFb and GRFv were the maximum forces in the 

posterior and upward directions; VIP was a local maximum 

within the first 50 ms following initial contact; and loading rates 

were calculated between 20%-80% from initial contact to VIP 

where VALR was the slope for the entire region and VILR was 

the steepest slope from successive data points from within the 

region. We classified correlation strength as none (r < 0.1), poor 

(r = 0.1-0.3), fair (r = 0.3-0.6), moderate (r = 0.6-0.8), and very 

strong (r ≥ 0.8) [6].  

 

Results and Discussion 

Self-selected running speed ranged from 2.43-5.84 m/s (mean = 

3.69 ± 0.71 m/s). We observed a fair positive relationship 

between stride length and GRFb (r = 0.42, p <.001, Figure 1) as 

well as poor positive relationships between stride length and 

GRFv (r = 0.23, p = .03), VIP (r = 0.15, p = .19), and VILR (r = 

0.18, p = .10, Figure 1). We observed no relationship between 

stride length and VALR (r = 0.09, p = .43, Figure 1). 

 

 
Figure 1. Partial correlation residuals between stride length (normalized 

to leg length) and ground reaction forces (normalized to body weight) 

when controlling for running velocity. 

 

Significance 

A longer stride length was fairly associated with greater peak 

braking forces in adolescent long-distance runners while 

controlling for velocity, but stride length was not related to 

vertical GRF peaks or loading rates. Larger peak braking forces 

are predictors of running-related injuries in adult female 

recreational runners [5]. Increasing step rate shortened stride 

length and lowered braking impulse for adult runners [3] and may 

be a worthwhile intervention for adolescent long-distance 

runners who sustained a running-related injury. However, 

prospective studies are needed to investigate the interaction 

between stride length and braking forces and their contributions 

to the risk of sustaining a running-related injury in adolescent 

long-distance runners. 
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Introduction 

Traumatic Peripheral Nerve Injuries (TPNI) comprise of a 

broad range of conditions affecting the sensation, movement, 

and motor coordination in patients, often requiring complicated 

surgical reconstructions [1]. Assessing the outcome of surgery 

with lab-based/in-clinic methods provides a biased and limited 

perspective [2]. Real World Evidence (RWE) approaches may 

provide a more accurate and improved understanding of 

outcomes of surgery by patients in their day-to-day life [3]. 

Current RWE metrics provide a numerical value to gauge 

asymmetry in the upper extremity [2, 4, 5]. This numerical 

value fails to provide details of the patient’s arm activity. This 

project was undertaken to develop a metric which represents the 

range of upper extremity asymmetry during daily activity. 
 

Methods 

A Dynamic Upper Extremity Asymmetry metric (DExtrA) was 

developed to assess upper extremity asymmetry. Ten subjects 

were studied under three conditions: left arm immobilized, right 

arm immobilized, both arms unrestrained [4]. Arm 

immobilization was achieved with a cast that restricted elbow 

and wrist motion. Each condition was kept for a minimum of 8 

hours of data collection. The raw acceleration data (50 Hz 

sampling rate) from triaxial accelerometers (wGT3X-BT, 

ActiGraph, Pensacola, FL, USA) worn on both wrists was 

filtered (Butter-worth IIR High-pass at 0.5 Hz) and the resultant 

vectorial sum was calculated for each arm. The DExtrA metric 

was defined as the difference between the resultant right and 

left wrist accelerations normalized to the sensor acceleration 

range (13.86 G for the current sensor). The DExtrA was 

positive if the subject’s activity was right dominant and 

negative if it was left dominant. A value of zero indicated 

complete symmetry between the two arms. The metric was not 

calculated when the resultant acceleration of both wrists was 

close to zero (i.e., RW & LW < 1e-10), to avoid a false activity 

symmetry indicator. An 8th degree polynomial fit was used to 

estimate the trend in the metric through the day. The DExtrA 

was analyzed using a repeated measures one-way ANOVA 

(significance at p ≤ 0.05).  

 

Results and Discussion 

The metric was sensitive and yielded a value range of ± 78.7% 

for ± 2 G acceleration difference. There was a clear distinction 

between the DExtrA for all conditions in a representative 

subject (Figure 1) with arm immobilization acting as a 

significant factor (p<0.001). A bifurcation can be seen in the 

metric for the individual depending on the immobilized arm. 

The peaks coincided for the different conditions indicating 

certain daily activities for the subjects (e.g., lunch, dinner etc.). 

DExtrA demonstrated face validity as a metric for 

quantification of the upper extremity asymmetry.  

The DExtrA data was averaged over the study period to 

compare the three groups (Figure 2). The three arm conditions 

were significantly different from each other (p < 0.001). 

DExtrA was successful in generalized applications for a group 

of subjects.  

 
Figure 1. Time evolution of the DExtrA over the study period for an 

individual subject. Solid line is an 8th degree polynomial fit with a 

shaded standard error area. (p < 0.0001 for all conditions) 

 
Figure 2. DExtrA averaged over a period of 24 hours for all subjects 

(10) tested. All the groups were significantly different (p < 0.0001) 

 

Significance 

A metric was developed to measure UE asymmetry in the free-

living environment. The DExtrA can differentiate between 

immobilized and unrestrained upper extremity activity, which 

demonstrates merit for use as RWE metric. Clinical use of the 

DExtrA to gauge the recovery progress of patients with TPNI 

over time and to compare the metric with that of healthy 

individuals to gain a quantitative view of their recovery is 

warranted. 
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Introduction 

Persons with stroke often present with upper limb (UL) bilateral 

coordination deficits and more than 60% of those with severe 

deficits have not recovered UL function after rehabilitation [1,2]. 

New rehabilitation strategies to improve bilateral coordination 

after stroke are needed considering that bilateral coordination is 

necessary for the performance of daily activities. Error 

augmentation applied during bilateral repetitive movements is 

one of the strategies that has shown relevant effects on lower limb 

bilateral coordination [3] and on UL function after stroke. The 

aim of the study is to dete).rmine the effects of introducing an 

error in the form of a force perturbation asymmetry during 

bilateral UL pushing movements in individuals with stroke and 

healthy controls.  

Methods 

Nineteen persons after chronic stroke with moderate impairments 

and 20 healthy controls performed bilateral pushing movements 

on instrumented handles of an “in-house-designed” exerciser (see 

[4] for details) in sitting position (Figure 1). The protocol 

consisted of a baseline phase with symmetric pushing at 15% of 

the maximal force (MF) (1min: period 1), followed by a force 

perturbation asymmetrical phase at 15% MF with non-paretic (or 

dominant UL) and 30% MF with the paretic (or non-dominant 

UL) (6min divided in 3 periods; 2-3-4). This was followed by a 

post-perturbation phase identical to baseline with symmetric 

pushing at 15% MF (3min divided in 2 periods: 5-6). Ongoing 

visual force feedback was provided to guide the effort to produce. 

The kinematics of both UL were recorded with active markers 

placed on the UL using a motion analysis system (OPTOTRAK) 

and the force exerted on the handles with AMTI MC3, all data 

recorded continuously at 100Hz. ANOVAs were used to compare 

onset and offset delays between UL, cross-correlation 

coefficients (CCC) and time lags (TL) of hand velocity. These 

parameters were selected to determine the effects of introducing 

a force perturbation on spatiotemporal bilateral coordination 

between groups and between sequence periods of the error 

augmentation protocol.  

Figure 1: Bilateral exerciser instrumented with force platforms at 

handles used to assess the effects of force perturbation on UL 

coordination. Active markers on the left UL are shown. 

 

 

 

Results and Discussion 

The pushing distance and duration were 0.28 m and near 1s 

respectively with no difference between groups. All participants 

were able to execute the pushing movements following 

adequately the visual force feedback at each phase. The force 

perturbation altered the bilateral coordination in both groups; 

prolonged onset and offset delays, lowered CCC of velocity 

profiles and increased TL between UL compared to baseline 

(P<0.01) (Figure 2). There was also a greater negative onset and 

offset delay in the stroke group during the perturbation phase 

F(37,1)=6.86; p=0.01) (Figure 2I) and after the perturbation for 

the offset delay while the CCC and the TL were comparable. For 

the post-perturbation phase, although post-effects were observed 

on some parameters, the coordination was comparable to 

baseline. Overall, both groups had a good bilateral coordination 

during the baseline and post-perturbation phases (CCC>0.7; 

Figure 2II). We conclude that stroke participants with mild to 

moderate level of impairment preserve their ability to adapt 

adequately after a force perturbation during pushing tasks.  

 
Figure 2: I-Onset (A) and offset (B) delays and II: Correlation 
coefficients (A) and time lags (B) of velocity for the three phases for 
stroke (blue circles) and controls (red squares). Black asterisks indicate 
a significant difference (p<0.05) between groups and those in color (red 
and blue) between baseline period (1) and other periods (2-6).  

Significance 
Reactive and adaptive changes were observed following force 

perturbation for both groups according to the parameters. This 

study demonstrates that individuals post-stroke with mild and 

moderate UL impairment are able to tolerate the protocol. The 

next phase will test a training protocol and consider including 

more severely impaired participants. Biomechanical research on 

bilateral coordination after stroke and error augmentation 

protocols could help to improve UL function after stroke.  
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Introduction 

Clinical gait analyses have been used for the past two 

decades to evaluate individuals with movement disorders for 

joint kinematic abnormalities1. The current gold standard for 

clinical gait analyses is marker-based motion-capture (Mocap). 

However, treatment regimens for some clinical populations rely 

on aquatic environments where motion capture is not feasible. 

A less expensive, portable, and waterproof option for motion 

capture is inertial measurement units (IMUs) which has gained 

considerable use in clinical spaces. Portable IMU equipment 

uses multiple sensor types working together, to track 

intersegmental movements2. However, IMU systems require 

validation before becoming an accepted alternative to Mocap. 

The purpose of this case study was to assess a waterproof IMU 

system’s accuracy during walking at various speeds using 

Mocap as the gold-standard.  

 

Methods 

This case report was on one healthy adult male subject (32 

years, 1.78m, 88.92 kg) that completed three self-selected speed 

walking trials: 1) normal, 2) slow, and 3) fast. The subject 

walked on a 5 m path during each of the walking trials. Mocap 

kinematic data were recorded at 142 Hz using a lower-extremity 

marker set of 38 reflective markers (Motion Analysis Corp., 

Rohnert Park, CA, USA). Mocap-based joint angles were 

calculated using Visual3D (C-Motion, Germantown, MD, 

USA). Tri-axial waterproof WaveTrack IMU (Cometa, Milan, 

Italy) sensors were secured bilaterally on the feet, shanks, 

thighs, and one on the pelvis to record IMU-based kinematic 

data. Calibration of IMUs followed the manufacture’s 

specifications. Following instrumentation, a static trial was 

conducted where the participant stood in a T-pose with the 

negative Y-axis of the sensors in line with the participant’s 

sagittal plane. Raw IMU data were sampled at 142 Hz and 

processed using the manufacturer’s mixed 6DoF sensor-fusion 

algorithm. Range of motion (ROM) of the hip, knee, and ankle 

were targeted outcome variables. Data analysis was completed 

using MATLAB (R2021a, MathWorks, Natick, MA, USA). 

Mean stride-normalized joint ROM were calculated to compare 

kinematics from IMU and Mocap. The root mean squared error 

(RMSE) was calculated to determine the validity of the IMU-

based kinematics (joint ROM values) compared to Mocap.  

 

Results and Discussion 

When overground walking at self-selected speeds, IMU-

based joint ROM were 10.89°-13.17° greater for the ankle, 

3.04°-7.08° greater for the knee, and 0.73°-6.78° greater for the 

hip. Ankle RMSE ranged from 13.07 to 15.37, knee RMSE 

ranged from 8.24 to 10.08, and hip RMSE ranged from 2.51 to 

3.16 for the overground walking trials. While the ankle and 

knee both had greater RMSE than the hip, the lowest RMSE for 

both joints was during the fast walking trial. Furthermore, while 

ankle ROM values were substantially different, the ankle joint 

angle profiles of IMU and Mocap appear to suffer from a 

baseline shift (Figure 1). The main differences between the two 

waveforms are the starting heel-strike angles at 0% stride and 

the greater peak plantarflexion angle at around 65% stride 

observed within the IMU waveform.  

 

Significance 

Cerebral palsy is the most common cause of motor disability 

in juveniles occurring in 3.3/1000 live births3. These children 

typically have reduced joint range of motion, a key mechanism 

that decreases walking efficiency4. Aquatic treadmill walking 

could provide an environment to increase the joint ROM of 

these children. As a first step, this case report will provide data 

to quantify measurement differences between joint angles 

calculated with IMUs compared to Mocap.  
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Figure 1: Mean stride-normalized IMU (red) and Mocap (blue) of hip (left), knee (middle), and ankle (right) joint angles during the 

overground normal walking trial. These data represent the worst agreement in our sample.  
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Introduction 
The goal of an effective fastball pitch is to generate power 
sequentially through the kinetic chain of the body to generate a 
high velocity throw. The lower extremities are thought to 
supplement the proximal to distal energy transfer through the 
upper limb1 by generating power that is transferred up the 
kinetic chain. However, power generation at the most distal 
lower limb joints is largely unexplored. Here, we examine joint 
power and its components for the stride leg and drive leg knee 
and ankle joints to identify the role of the lower limbs in a 
fastball pitch. 
 
Methods 
Motion capture data of the fastest three pitches thrown for 
strikes from 23 male baseball players (9-13 yrs) were analyzed 
using a 14-camera motion capture system operating at 250 Hz 
(Vicon Motion Systems, Oxford, UK)2. Ground reaction forces 
were collected using two force platforms sampling at 1000 Hz 
(Kistler, Winterthur, Switzerland) embedded in a custom 
pitching mound. Joint torque power (JTP) of the stride leg and 
drive leg knee and ankle joints were calculated by summing the 
segment torque power acting at the proximal (STPp) and distal 
(STPd) ends of adjacent body segments3,4. 
 
Results and Discussion 
In general, the drive knee (Figure 1) generates and absorbs 
minimal amounts of power throughout the pitch cycle. In the 
stride phase (maximum knee height; MKH to stride contact; 
SC), the drive knee transfers power proximally followed by a 
period of power generation surrounding SC. In the arm cocking 
phase (SC to maximum external rotation; MER), the drive knee 
transfers power proximally and generates power prior to MER. 
In the arm acceleration (MER to ball release; BR) and 
deceleration (BR to maximum internal rotation; MIR) phases, 
the drive knee transfers power distally. The drive ankle has 
similar small magnitudes and appears to generate power during 
the stride and arm cocking phases and absorb power during the 
arm acceleration and deceleration phases.  

The stride knee (Figure 1) and ankle have minimal power 
magnitudes, although more variability between subjects than 
the drive leg joints. Power is absorbed by the stride knee 
beginning at SC, followed by a brief period of proximal 
transfer, then power generation during the second half of the 
arm cocking phase. This is followed by proximal power transfer 
during the arm acceleration and deceleration phases. The stride 
ankle generates and absorbs power at a range of approximately 
-2 to 2 W/kg and is characterized by power absorption followed 
by power generation in the arm cocking phase, distal transfer in 
the arm acceleration phase, and proximal transfer in the arm 
deceleration phase. 
 
Significance 
The minimal power magnitudes of the drive limb joints support 
the theory of pitchers utilizing a controlled fall strategy in this 
limb5, at least in these youth pitchers. Our full dataset 
additionally explores trends at the hip and lumbosacral joints, 

and the controlled fall theory is additionally supported in drive 
hip power trends. While there are minimal power magnitudes at 
the stride knee and ankle, the presence of power absorption, 
generation, and proximal transfer support the trends at the stride 
hip, which have larger power magnitudes, and indicate both the 
creation of a stable base to pivot about and the continuation of 
energy transfer up the kinetic chain1. The substantial variability 
between pitchers is likely due to the variations in skill level of 
these youth pitchers. 

 

 
Figure 1: Mean (+/-SD) joint torque power (black) and its components 
STPd (red), STPp (blue), as a function of pitch cycle (0-100%) for all 
23 subjects. Direction of segmental power transfer indicated below the 
data (↑ = proximal transfer, ↓ = distal transfer, together = proximal and 
distal segment absorption, apart = proximal and distal segment 
generation3).  
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Introduction 

Movement screens are frequently used to identify abnormal 

movement patterns that may increase the risk of injury or hinder 

performance1,2. Abnormal movement patterns are often detected 

visually based on the observations of a coach or clinician. 

However, visual appraisals are a poor method to predict injuries 

in part due to the scoring criteria not being based on known injury 

mechanisms and because the scoring is subjective. These factors 

have resulted in conflicting results regarding inter- and intra-rater 

reliability, which may be further complicated due to limited 
view(s) in person or from video, the dynamic nature of the 

movements, the rater’s perspective, and bias towards the 

participants’ body-shape3,4,5. 

Motion and shape capture from sparse markers (MoSh), 

which translates 3D kinematic optical motion capture data into 

3D animations, allows the user to visualize both the kinematic 

movement patterns and the body-shape of the individual. When 

combined with custom animation software (e.g., Unity, Unity 

Technologies, San Francisco, USA), this can allow researchers to 

study the inter- and intra-rater reliability of movement 

assessments while enabling: 360° views of the individual, the 
animation to be replayed multiple times, and the ability to 

manipulate the body-shape of the individual to better understand 

how personal bias towards body-shape affects movement scores 

and reliability6,7. 

The objective of this study was to use a custom online 

visualisation software to: a) assess inter- and intra-rater reliability 

of movement scores within and between sessions of expert 

assessors during a movement screen, and b) explore the effects 

of body-shape modification on the reliability of these scores.  

 

Methods 

Kinematic data from 542 athletes performing seven unique 
movement tasks were used to create MoSh animations. For each 

task, we created a total of 90 animations (7 movements x 90 

animations = 630 animations). Animations were chosen such that 

there was diversity in body-shapes and movement quality. The 

90 animations were comprised of: 1) 30 unique animations that 

were repeated twice, making up 60 of the animations, to test intra-

rater reliability, and 2) 30 animations consisting of 10 unique 

movers, where three animations were created with identical 

movement patterns, but body-shape was manipulated so each of 

the three animations had a body-shape of an individual with a 5th, 

50th, or 95th percentile BMI based on the dataset.  

Using the custom visualisation tool (Figure 1), 10 expert 

assessors (7.0 ±3.3 years of experience) completed two identical 

sessions at least 48 hours apart where they rated each of the 90 

animations for each task on a scale of 1-10 using their own 

scoring criteria. The arithmetic mean of weighted Cohen’s kappa 

for each task and day were calculated to test inter-rater reliability, 

intra-rater reliability between sessions (inter-session), and intra-
rater reliability within session with (body-shape) and without 

(intra-rater) body-shape manipulation. Results were interpreted 

as no (<0.00), slight (0.01-0.20), fair (0.21-0.40), moderate (0.41-

0.60), substantial (0.61-0.8) and almost perfect (0.81-1.00) 

agreement8. 
 

Results and Discussion 

Across tasks, inter-rater reliability ranged from slight to fair 

agreement with an average kappa value of 0.18, whereas inter-

session reliability ranged from fair to moderate agreement with 

an average kappa value of 0.35 across tasks. Intra-rater reliability 

and body-shape reliability ranged from slight to moderate 

agreement with average kappa values of 0.45 and 0.37, 
respectively. 

Reliability ranged from slight to moderate agreement, with a 

decrease in intra-rater reliability when body-shape was 

manipulated, suggesting that body-shape affected intra-rater 

reliability and that assessing movement competency based on 

visual appraisal during a movement screen, even with expert 

assessors, is not a reliable method.  

 

Significance 

This work involved the creation of a custom visualisation tool to 

study inter- and intra-rater reliability of movement scores, as well 

as the effects of body-shape modifications on movement scores. 
The developed software and code will be shared with interested 

researchers to display their own animations and/or videos to 

complete similar research. To increase reliability in movement 

screens, movement screening scoring criteria should be based on 

objective data-driven measures to improve scoring consistency 

and objectivity, while concurrently minimizing potential bias9.  
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Introduction 

Jump height has been widely used as a metric of physical capacity 

in research, clinical practice and athletic training [1]. Force plates 

offer a unique advantage as a standalone system to evaluate 

jumping as they directly measure the kinetics of the jump while 

providing a means to estimate jump height using projectile 

motion equations [2]. However, random error persists in the jump 

height calculated from the force-time series compared to 

kinematic measurements of jump height [2-4]. Additionally, a 

standardized procedure to calculate jump height from force plate 

data has yet to be established. 

 The purpose of this investigation was to evaluate the 

interacting influence of different procedural components in the 

calculation of jump height from force plate data. The filter type, 

filter order, filter cut-off, integration start point and instant of 

take-off were hypothesized to be the procedural components 

most likely to improve the calculation, if optimized.  

 

Methods 

Thirty-six counter-movement jumps were recorded from 12 

participants using a force plate and an optical motion capture 

system. A series of systematic investigations were conducted to 

determine the extent to which different procedural steps influence 

the jump height calculated from the force-time series, relative to 

a kinematic criterion. Using these findings, a brute force 

optimization algorithm (grid search) was used to find the optimal 

type of filter, filter order, filter cut-off frequency, starting point 

for integration and instant of take-off for the calculation of jump 

height. The objective was to minimize the root mean square of 

the differences between the kinematic criterion and jump height 

calculated from the force-time series.  

  The limits of agreement (LOA) between the kinematic 

criterion and jump height calculated from the force-time series, 

using the optimized procedures, were calculated to evaluate the 

extent of uncertainty remaining in the force plate estimate of 

jump height. 

 

Results and Discussion 
The best agreement with kinematic criterion was obtained using 

a Chebyshev third order low pass filter with a cut-off frequency 

of 5 Hz. This is contrary to previous recommendations to avoid 

filtering the force-time series when calculating jump height [5-

6]. Observing the force, velocity and displacement time series 

revealed that filtering potentially models the second order nature 

of the biomechanical system when estimating jump height using 

point-mass projectile motion equations. 

The optimal point to start integrating the force-time series was 

0.25 seconds prior to the onset of the jump. This limits errors 

from integrating the quiet standing period prior to the jump, while 

capturing the small unavoidable anticipatory motions that occur 

as the onset of the movement is approached. 

The instant of take-off was best approximated by the instant 

that force decreased beyond the magnitude of body weight. This 

approach is among the varying methods used in previous research 

[2-6] but a standardized method has yet to be adopted due to the 

scarce research evaluating this procedural step. 

 

These findings encompass improved procedures for 

calculating jump height from force plate data as the LOA were 

within ±2 cm (Figure 1). Although this result shows improved 

precision and accuracy compared to previous investigations 

(LOA > ±3 cm [2]), there is a need to understand if and how the 

calculation can be further improved. In contrast to what was 

hypothesized, optimizing the selected procedural components 

were not sufficient in providing the best method for calculating 

jump height from force plate data. Potentially, the calculation 

may need to be adapted to fit the specific force-time 

characteristics of each jump trial. 

 

 
Figure 1: LOA between jump heights calculated from the force-times 

series with respect to the kinematic criterion. 

 

Significance 
Force plates are increasingly being used as standalone 

measurement devices in the assessment of jump height, with over 

500 new publications in 2021 alone. The presented results 

demonstrate how the procedures used to calculate jump height 

can influence precision and accuracy, with parameters 

determined that can contribute to the development of 

standardized procedures. Additionally, the results provide novel 

insight into understanding the biomechanical processes that 

occur between the applied forces and the resulting motion of the 

whole body.  
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INTRODUCTION 

 Throwing velocity is considered a significant performance 

parameter due to diminishing a hitter’s decision time.1 A 

pitcher’s maximum throwing velocity is the culmination of 

kinematics, kinetics, and relative timing of segmental 

coordination from the ground up, leading to fluid transfer of 

kinetic energy to the baseball.2 Coaches seek to improve 

pitching mechanics, but little is known about how biomechanics 

change over time. Therefore, the purpose of this study was to 

investigate the effectiveness of a pitching performance program 

on improving pitching biomechanics associated with increased 

throwing velocity. It was hypothesized that biomechanics 

associated with faster throwing velocity would improve with 

each evaluation.  

 

METHODS 

 Nine Division I collegiate baseball pitchers (Height: 1.87m 

± 0.13; Mass: 92.73kg ± 7.3) were recruited for this study. 

Athletes were outfitted with a full-body retro-reflective marker 

set before the acclimation and warm-up session. Once ready, 

pitchers were instructed to throw from an indoor, force-plate 

instrumented mound (Bertec Corp, Columbus, OH) towards a 

target located 18.5m away. Fourteen professional grade motion-

capture cameras (Qualisys, Gothenburg, Sweden) captured 

pitching motion data at 240 Hz. Key biomechanics variables 

were calculated using Visual 3D (C-Motion Inc., Rockville, 

MD) software.  

 Upon completion, a member of the research team met with 

each athlete and their coach to discuss a custom report 

generated from the biomechanical evaluation. Nine variables 

associated with increased throwing velocity were examined 

across evaluations. Variables included Kinematic Sequencing, 

Knee Flexion from stride foot contact (SFC) to ball release 

(BR), Forward Trunk Tilt at BR, Peak Hip-Shoulder Separation 

(HSS), Timing of Peak HSS to SFC, Shoulder Abduction from 

SFC to BR, Shoulder Rotation at SFC, and Maximum Shoulder 

External Rotation (MER). Specific pitching drills aimed at 

addressing each athlete’s mechanical needs were prescribed for 

weekly completion. Lower extremity biomechanics were 

targeted first due to their ability to impact movement further 

along the kinetic chain. Drills included roll-in progressions, 

rhythm rocker progressions, arm patterning progressions and 

more. A follow-up assessment involving the same protocol was 

completed after each sequential competitive season.  

 

RESULTS & DISCUSSION 

 Three pitchers received evaluations three consecutive times, 

with six pitchers receiving two consecutive evaluations. 

Overall, 29 of 72 (40%) key pitching biomechanics variables 

improved, 5 (7%) did not change, and 38 (53%) decreased from 

the initial evaluation to the most recent evaluation (Figure 1). 

Improvements were made 28 times (39%) at the second 

evaluation and 9 times (38%) at the third. Decreases were 

observed 39 times (54%) at the second evaluation and 14 times 

(58%) at the third. Knee flexion and kinematic sequencing 

improved the most from the initial to the most recent evaluation 

while forward trunk tilt at BR, shoulder abduction from SFC 

through BR, and MER exhibited the most decrease.  

 Results from this study demonstrate that a pitching 

performance program improved 40% of pitching biomechanics 

associated with increased throwing velocity. These 

improvements were found within key variables pertaining to 

lower extremity biomechanics, movements addressed primarily 

due to their role in segmental coordination. This suggests 

improvements may be more easily made at the start of the 

kinetic chain. We believe this may be due to the amount of time 

spent performing each movement, with a pitcher spending 

roughly 0.5s in the early cocking phase, 0.11s in the late 

cocking phase, and 0.03s in the acceleration phase.3 Previous 

research has also noted that the rapid amount of movement 

made by the arm over a short period of time may make 

correcting upper extremity biomechanics more difficult.4  

 

SIGNIFICANCE 

 Our pitching performance program demonstrated that 40% 

of pitching biomechanics variables associated with increased 

throwing velocity were able to be improved within 2-3 

evaluations. Pitching biomechanics closer to the start of the 

kinematic chain were found to be improved more than 

biomechanics towards the end. Further pitching evaluations 

should be conducted to observe how these changes occur 

longitudinally.   
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Introduction 

Ergometer rowing has gained popularity for row training and as 

a “low-impact” form of exercise. Lumbar spine injuries are the 

most common injury in rowers [1]. Previous studies have shown 

ergometer training to be associated with an increased risk of 

injury. Muscular fatigue and spine range of motion may correlate 

to pain or injury in ergometer rowing. The purpose of the present 

study is to utilize 3D motion capture and electromyography 

(EMG) assessments to (1) evaluate how muscular activation 

relates to lumbar spine mechanics; (2) determine the impact of 

fatigue on back muscle activation and biomechanics. 

 

Methods 

Seventeen healthy amateur rowers (m=8, F=9; age=38±9.1 years, 

VO2max=44.4±7.8 ml·kg·min-1) volunteered to participate in 

this investigation. Following a standardized warmup, each 

subject performed a maximal effort 2000-meter row on an 

ergometer equipped with a load cell (Futek®) to record pull 

force. Kinematics were recorded using a 12-camera motion 

capture system (Vicon®). Muscle activation was recorded using 

a wireless EMG (Delsys®). Data was recorded at the 200m, 

600m, 1000m, 1400m, and 1800m distances. Spine flexion was 

calculated at 3 points in the sagittal plane and labeled as upper, 

mid and lower spine.  A mixed-model ANOVA repeated on row 

distance followed by a Tukey’s post-hoc test for pairwise 

comparisons was used to compare biomechanical assessments 

during the bout. Type-I error was set at a=0.05 for all analyses. 

 

Results and Discussion 

Average time to complete the row test was 8.4 ± 1.0 min (262.3 

± 55.2 total strokes). Trapezius and mid spinal erector activation 

was maintained through the entire row. A steady decrease in 

mean and peak Latissimus Dorsi activation was observed with 

increasing row distance (p<0.05, Figure 1A, B) paired with an 

increase in peak lumbar spinal erector activation (p<0.05, Figure 

1C) indicating potential fatigue of the musculature of the upper 

back followed by compensatory reliance on low back 

musculature to maintain/increase force output. Upper spinal 

flexion (min and max) increased by 1000m indicating an increase 

in the overall state of flexion with progressing distance (p<0.05, 

Figure 2A). Mid spinal flexion demonstrated increased min 

flexion (indicating reduced peak extension) beginning at 1400m 

(P<0.05, Figure 2B). Lumbar spine flexion was maintained 

throughout the row indicating that the primary change in spine 

mechanics with fatigue was a result of rounding of the upper back 

likely due to fatigue of upper back musculature (Figure 2C). 

Taken together, results indicate that low back pain and 

injuries associated with acute and chronic rowing may not be a 

result of altered flexion/extension of the lumbar spine but rather, 

a result of increased workload placed on low back musculature 

to compensate fatiguing muscles and concomitant changes in the 

row mechanics of the upper and mid spine. Although ergometer 

rowing is often considered “low-impact,” given the high number 

of contractions over a short time interval (<10min), it may be 

advisable for those interested in rowing to avoid consecutive or 

multiple days of fatiguing row ergometer training per week 

 

Figure 1: Data are presented as means±95% CI for muscle activation 

(%MVC) at each recording point for the 2000m row. * = significantly 

different from 200m measurement at p<0.05.  Brackets indicate specific 

pairwise differences (p<0.05). 

Figure 2: Data are presented as means±95% CI for spine flexion 

(degrees) at each recording point for the 2000m row. * = significantly 

different from 200m measurement at p<0.05. 
 

Significance 

The present findings will provide greater insight into the potential 

mechanisms of fatigue during ergometer rowing. Results will 

also give medical professionals a better understanding of the 

origins and presentation of soft tissue injuries in the spine in 

recreational rowers.   
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Introduction 

Musculoskeletal injuries in baseball athletes are a persistent 

and significant problem, with the greatest incidence attributed to 

injuries of the shoulder and elbow [1]. Overuse conditions & 

throw-related injuries are common, and incidence is continuing 

to increase at an unprecedented rate [2]. Pitching arm injuries are 

often contributed to excessive shoulder distraction force [3] and 

elbow valgus torque [4]. Recent literature has shown that pitch 

velocity and kinematic variables of maximum humeral rotation 

velocity, shoulder abduction at foot strike, and maximum 

shoulder external rotation significantly influence both elbow 

valgus torque and shoulder distraction force in American baseball 

pitchers [5]. Many pre-professional Dominican Republic (DR) 

baseball pitchers are draft prospects for American Major League 

Baseball (MLB) clubs. Shoulder distraction force and elbow 

valgus torque are still markers of arm stress among the DR 

pitchers, but their pitching mechanics and velocity producing 

strategies may differ from their American counterparts, resulting 

in differences in throwing arm kinetics. Therefore, the purpose of 

this study is to compare arm stress variables and kinematics that 

influence arm stress in DR pre-professional pitchers and 

American pre-professional pitchers.  

 

Methods 

 Three dimensional biomechanical analyses were performed 

on DR (n = 37) and American (n = 37) baseball pitchers. All 

evaluations were conducted with the same motion capture system 

(Qualisys AB, Göteborg, Sweden), marker set, and model [6]. 

Variables from two or more fastballs were averaged for each 

pitcher. Data were processed and variables were calculated with 

Visual3D (C-Motion, Inc. Germantown, Maryland). Shoulder 

distraction force and elbow valgus torque were normalized by 

body weight (N) and body weight times height (Nxm), 

respectively. Maximum hand angular velocity was used as a 

representation of ball velocity.  

 Potential difference between DR and American pitchers were 

assessed through analysis of covariance with 95% confidence 

intervals (95% CI), controlling for confounding variables of age, 

hand dominance (left versus right), and maximum hand angular 

velocity. 

 

Results and Discussion 

74 pitchers were included in this study (Table 1). American 

pitchers demonstrated decreased elbow valgus torque (-

1.5%BWxH, (95% CI: -2.0, 1.0), p<0.001). When controlling for 

confounding variables, American pitchers demonstrated further 

reduction in elbow valgus torque compared to DR pitchers (-

2.0%BWxH, (95% CI: -2.7, -1.2), p<0.001).  American pitchers 

demonstrated increased shoulder distraction force when 

compared to DR pitchers (18.2%BW, (95% CI: 6.9, 29.4), 

p=0.002). However, after controlling for confounders shoulder 

distraction force was similar between the groups (0.4%BW, (95% 

CI: -1.2, 19.7), p=0.592).  

 

 

Table 1. Participant Descriptives 

Variable All  DR American 

Age (years) 19.2 (1.7) 18.2 (1.2) 20.1 (1.6) 

Body Mass Index (kg/m2) 24.7 (2.8) 22.9 (1.2) 26.6 (2.7) 

Hand Dominance (%Left) 28% 22% 35% 

Maximum Elbow Valgus 

Torque (%BWxH) 

6.7 (1.3) 7.5 (1.1) 5.9 (1.1) 

Maximum Shoulder 

Distraction Force (%BW) 

145.9 

(26.2) 

136.8 

(23.8) 

155.0 

(25.7) 

Shoulder Abduction at 

Foot Strike (°) 

85.9 (10.8) 85.6 

(11.1) 

86.2 (10.6) 

Maximum Shoulder 

External Rotation (°) 

172.2 

(12.7) 

176.0 

(12.5) 

168.2 

(11.9) 

Maximum Hand Angular 

Velocity (°/s) 

4,538.1 

(975.4) 

3,967.1 

(939.4) 

5,109.1 

(613.8) 

Maximum Humeral 

Angular Velocity (°/s) 

5,545.9 

(485.3) 

5,668.5 

(440.9) 

5,423.3 

(502.4) 

Results are reported as mean (standard deviation) or percentage.  
BW = Body Weight; H = Height; DR = Dominican Republic 

 

 Pre-professional DR pitchers throw fastballs with slower ball 

velocity but experience increased elbow valgus torque compared 

to their American counterparts. Maximum humeral angular 

velocity has been shown to influence elbow torque, but also 

influence ball velocity. DR pitchers demonstrated increased 

humeral angular velocity despite their decreased ball velocity. 

These results suggest that DR pitchers utilize a less efficient 

pitching pattern with decreased ability to generate and transfer 

energy through the kinetic chain. Additionally, pre-professional 

American pitchers have access to strength and conditioning 

resources and plans. This is reflected in the increased BMI among 

American pitchers. Increased BMI and strength may allow 

American pitchers to limit elbow torque and transfer energy more 

successfully. Future research should explore other pitching 

kinematic differences between DR and American baseball 

pitchers. Additional research should also evaluate whether 

increased elbow valgus torque among pre-professional DR 

pitchers predisposes professional DR pitchers to elbow injury.  

 

Significance 

 Increased elbow valgus torque and inefficient pitching 

mechanics among DR pitchers should be considered when 

developing training programs and pitching plans for professional 

and pre-professional pitchers from the DR.  
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Introduction 
 Bat swing speed is considered to be a major factor of hitting 
performance among baseball players [1,2]. Unlike ball speed, 
however, bat swing speed is not routinely measured on the field 
of play. Wireless bat swing sensors that utilize an inertial 
measuring unit (IMU) have emerged has a viable option to 
reliably measure bat speed. Lyu and Smith [1] reported that the 
three sensors tested in their analysis underestimated bat speed at 
high swing speed by an average of 8% of the video-derived swing 
speed. However, while it is likely the investigators of this 
validation study tested the most commonly used sensors available 
in the market, they, by research design, did not disclose the 
specific models of these swing sensors. Therefore, the purpose of 
this study was to assess the concurrent validity of three 
commercially available sensors in measuring bat swing speed 
using a modified Bland-Altman method.  
 
Methods 
 Fifteen collegiate and minor league baseball players (age = 
21.2 ± 2.5 years, height = 1.90 ± 4.1  m, mass = 91.7 ± 8.5 kg) 
provided written informed consent to participate in this validation 
study. Three wireless bat swing tracking sensors were tested: 
Blast Baseball (Blast Motion, Carlsbad, CA), Zepp Baseball 
(Zepp, Cupertino, CA), and SwingTracker (Diamond Kinetics, 
Pittsburgh, PA). Each participant hit a baseball off a tee 10 times 
with each of the three sensors on a baseball bat (90 cm, 850 g) 
while the locations of 4 non-collinear reflective markes on the bat 
were captured with a 3D motion capture system.  

The concordance correlation coefficient (CCC) [3] was used 
to assess the concurrent validity and reliability of each swing 
sensor with respect to the criterion motion capture system using 
all repeated trials (n=150). To examine the agreement between 
both methods, a modified Bland-Altman analysis was performed 
with the limits of agreement (LoA) estimated using a method that 
takes into account the repeatability of multiple values per 
participant [4]. Additionally, 95% confidence intervals (CI) 
around the mean difference (bias) as well as around the lower and 
upper LoA were estimated using the method of variance 
estimates recovery (MOVER) [5]. All data agreement analyses 
were performed using the simplyagree package in RStudio (1.2).  

 
Results and Discussion 
The concurrent validities as measured by the CCC for all three 
wireless sensors are listed in Table 1. The Blast Baseball sensor 
exhibited the highest concurrent validity followed by the Swing 
Tracker and Zepp Baseball sensors. The CCC prediction lines of 
the Blast Baseball and Swing Tracker indicate that both sensors 
tend to overestimate speed at low swing speeds and 
underestimate it at high swing speeds. 

 
Figure 1: Bland-Altman plots showing the paired differences against the 
mean of two methods (motion capture and sensor) for Blast Baseball 
(left), Zepp Baseball (center), and Swing Tracker (right). Shaded areas 
represent 95% CI around the mean bias and each LoA. 
 
The Blast Baseball sensor measured bat swing speed with the 
lowest mean bias (0.10 m/s, LoA: -3.96 to 4.16 m/s) of all three 
sensors (Figure 1). The Swing Tracker exhibited a mean bias of 
0.54 m/s (LoA: -5.29 to 6.38 m/s) while the Zepp sensor had the 
highest mean bias (-1.70 m/s, LoA: -8.74 to 5.34 m/s).  

Although Lyu and Smith [1] reported mean biases of three 
wireless bat swing sensors, they limited their validity assessment 
to a CCC analysis. In the current study, a CCC analysis was 
augmented with a modified Bland-Altman analysis [4,5] that 
showed that although the mean biases of all three sensors were 
within range of those reported by Lyu and Smith [1], the swing 
speed measurements were less stable in the Swing Tracker and 
Zepp sensors. 
 
Significance 

These findings suggest that wireless sensors could be used to 
measure bat swing speed, particularly within the range over 
which 68% of swing speeds would lie in the population of adult 
baseball hitters. However, caution should be taken when 
interpreting swing speeds from the various sensors due to 
differences in validity and reliability. 
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Table 1: Concordance correlation coefficients (CCC) of wireless bat swing sensors 

Sensor CCC Confidence Interval 
Blast Baseball 
Zepp Baseball 
Swing Tracker 

0.836 
0.574 
0.697 

0.788 – 0.874 
0.489 – 0.648 
0.634 – 0.752 
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Introduction 

Spine kinematics are an important measure in the assessment and 

treatment of low back pain [1]. Accelerometers and inertial 

measurement units are a more practical and cost-effective 

alternative to motion capture (MC) systems. However, these 

sensors are subject to high frequency noise, thus raw data must 

be filtered before analysis and interpretation [2]. A common filter 

utilized for this purpose is a low-pass (LP) Butterworth filter, 

however, the specific filtering parameters such as the cut-off 

frequency (fc) have been questioned and there is no definitive 

answer in the literature. Therefore, the objective of this study was 

to (1) systematically investigate the effect of different LP 

Butterworth filter cut-offs frequencies on accelerometer and 

motion capture data for peak lumbar spine flexion values, and (2) 

to determine the optimal fc to appropriately smooth low velocity 

movement data without changing the outcome measure of 

interest (peak range of motion (ROM) values). 

 

Methods 

Twenty asymptomatic female participants (age 30-65 years) were 

instrumented with accelerometers (ADXL335, Analog Devices, 

Norwood, MA, USA) and MC markers (Optotrack Certus Smart 

markers, Northern Digital Inc., Waterloo, Ontario, Canada) 

overlying the L2, L4 and S1 spinous processes. Participants then 

completed a standardized, guided flexion trial with pelvic 

constraint and arms folded/placed over an armrest. Guided 

motion was a 60° trunk flexion and return to neutral bend at 

constant 6°/s. Synchronized data were sampled at 60Hz 

(Optotrak Data Acquisition Unit, NDI, Waterloo, ON, Canada). 

Two participants were excluded due to technical issues. The 

change in angle from upright standing for the upper segment (L2-

L4), lower segment (L4-S1), and whole lumbar segment (L2-S1) 

were calculated using custom code (Matlab r2020b, The 

Mathworks, Nattick, MA, USA). Data were iteratively LP 

filtered with a 4th order bidirectional Butterworth filter with fc 

ranging from 14Hz to 1Hz. The filtered data were then used to 

calculated peak ROM for all segments and the range, mean, 95% 

confidence interval (CI), and root mean square error (RMSE) of 

peak ROM for each fc. Peak ROM was chosen since it is the value 

for which the largest effects of different cut-off frequencies were 

expected. 

 

 

Results and Discussion 

LP Butterworth filter fc minimally affected peak ROM for both 

accelerometers and MC (max diff: 0.66° and 0.23°; Table 1). This 

shows that a lower LP fc (e.g., 1Hz) can be applied to accel and 

MC data without compromising outcomes in comparison to 

filtering at a higher fc (e.g., 14Hz). Thus, a lower fc may be used 

when smoother data are needed without compromise to peak 

values.  

The difference between the systems at each fc was also 

minimal (max diff: 0.82°; Table 1) indicating that accelerometers 

can be used as an acceptable alternative to MC systems. For 

context, the differences between systems and LP filter fc were 

smaller than the effects of age (mean±95%CI > 2.96±2.00°) and 

sex (mean±95%CI = 5.85±1.78°) [1] and the standard error of 

measurement of lumbar flexion for MC (7°) [3]. 

Both Butterworth LP filter fc and measurement type had a 

minimum effect on peak ROM. Thus, a lower filter fc may be 

beneficial to provide smoother data without negatively affecting 

outcome measures of interest. This, however, may be due to the 

relatively slow flexion motion used in this experiment. Future 

studies should seek to determine the effect of LP filter fc on 

flexion at different speeds. Accelerometers, which are more 

practical and cost-effective, may be used in place of MC systems 

to quantify lumbar spine angles during low velocity movements. 

 

Significance 

We recommend that a LP filter fc of 1Hz be applied to spine 

kinematics data in future studies with similar methodologies.  

Our results also show that published data using different cut-off 

frequencies are still comparable. Finally, we showed that 

accelerometers and MC systems may be used interchangeably to 

determine upper, lower, and total lumbar angles with acceptable 

agreement during low velocity movements. 
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Segment Upper (L2-L4) Lower (L4-S1) Lumbar (L2-S1) 

System MC Accel Diff MC Accel Diff MC Accel Diff 

Range of difference (o) 0.03-0.15 0.09-0.66 0.72-0.78 0.06-0.23 0.09-0.53 0.48-0.55 0.03-0.20 0.06-0.49 0.76-0.79 

Mean difference (o) 0.08 0.21 0.75 0.10 0.21 0.51 0.08 0.21 0.77 

95%CI (o) 0.06-0.10 0.14-0.27 0.74-0.76 0.07-0.12 0.15-0.27 0.49-0.52 0.06-0.10 0.16-0.25 0.77-0.78 

Range of RMSE(o) 0.01-0.04 0.03-0.15 0.05-2.74 0.01-0.07 0.10-0.50 0.06-1.11 0.01-0.07 0.02-0.14 0.04-1.86 

Table 1. Outcome variables for the motion capture (MC) and accelerometer (Accel) systems across fc = 1-14Hz and for the differences between 

the systems at each fc respectively (Diff). 
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Introduction  

Technique is of utmost importance in competitive rowing. Past 

research has shown that oar dynamics correlate to the rower’s 

technique and boat speed, therefore, tracking the position of the 

oar is of great significance to coaches and athletes [1], [2]. 

Ultrawideband (UWB) is one of the most accurate and precise 

short-range localization methods among available radio 

frequency technologies. This study introduces a wearable UWB 

positioning system to track the periodic motion of the oar handle. 

Furthermore, it utilizes a periodic extended Kalman filter to 

estimate the motion as a non-sinusoidal wave. The proposed 

UWB positioning system is based on the double sided two-way 

ranging time of arrival between two anchors and a single tag. The 

ranging measurements are processed using three mathematical 

models, trilateration, extended Kalman filter (EKF) with constant 

velocity, and a periodic extended Kalman filter (PEKF). The 

results are compared and assessed against a centimeter-level 

reference trajectory obtained from a series of global navigation 

satellite system (GNSS) receivers. PEKF performed better than 

the other two models presented. The proposed wearable 

positioning system can track the position of the handle with an 

accuracy of +/-13cm.  

 

Methods 

The wearable positioning system developed for this study 

consists of two main components: 1) a DecaWave UWB tag and 

two anchors, and 2) three multi-frequency GNSS receivers. The 

UWB tag and one of the GNSS receivers are placed on the wrist 

of the user. The UWB anchors are located in front of the rower, 

and the remaining GNSS receivers are fixed at each end of the 

boat (Figure 1). The UWB part of the system was previously 

tested indoors using a rowing machine and a motion caption 

system [3]. The anchors and the bow and stern GNSS receivers 

have known local coordinates in the body frame of the rowing 

shell. The GNSS receivers are used to determine a reference 

trajectory to assess the accuracy of the positioning results from 

UWB ranging.  

 
Figure 1: Experiment Boat Setup 

 Three mathematical models are used to obtain the position of 

the handle. These models are trilateration, EKF with constant 

velocity and a periodic EKF. PEKF models the position of the 

handle as a non-sinusoidal wave ℎ(�̂�𝑘, 𝑡𝑘) consisting of 6 states: 

a DC offset (𝐴𝑜), two amplitudes (𝐴1, 𝐴2), two phase angles 

(𝜙1 , 𝜙2), and an angular frequency (𝜔) [4].  

ℎ(�̂�𝑘 , 𝑡𝑘) = 𝐴𝑜 + 𝐴1 cos(𝜔𝑡 + 𝜙1) + 𝐴2cos(2𝜔𝑡 + 𝜙2)  (1) 

 Data was collected for a total length of over 9km at the 

Victoria City Rowing Club in Victoria, British Columbia,  

 

Canada. For this study, a 120 second window was selected where 

the user rowed at different stroke rates, speeds, and directions.  

 

Results and Discussion 

Figure 2 shows the position of the handle on each axis for a single 

stroke. The reference trajectory is shown in green, trilateration in 

red, EKF with constant velocity in red, PEKF in purple, and the 

PEKF’s update epoch with a black triangle. The coordinate value 

is on the vertical axis of each plot and the time is on the 

horizontal. Table 1 summarizes the accuracy of the positioning 

results from each model, from this Table, PEKF demonstrated to 

be the most accurate model to represent the rowing motion.  

UWB ranging with PEKF can estimate the position of the oar 

handle with an accuracy of +/-13 cm in all axes.  

 
Figure 2: Handle Position Estimation in Three Axes 

Table 2: Accuracy of Results  

Overall Test (120 seconds) 

Method 
X-Axis Y-Axis Z-Axis 

Std. (m) Std. (m) Std. (m) 

Trilateration 0.104 0.103 0.222 

PEKF 0.111 0.062 0.128 

EKF Const. Vel. 0.152 0.116 0.186 

 

Significance 

These results suggest that UWB ranging with PEKF can reliably 

model the rowing motion in an outdoor environment. Tracking 

the position of the handle provides coaches and athletes valuable 

information about their technique and can be used as a training 

tool to enhance performance.   
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