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ABSTRACT 25 

Background: The Star Excursion Balance Test (SEBT) is a common clinical test that can 

provide information about dynamic movement, but does not reflect movement quality or 

postural-control strategies, and does not report kinematics of the lower limb. 

Purpose: To assess the dynamic postural control of healthy subjects using inertial 

measurement units (IMUs) and clinical SEBT scores to determine the effect of knee 30 

bracing and taping.  

Methods: Twenty-four healthy individuals performed the SEBT under three randomised 

conditions (patellar bracing, patellar taping, and control condition (no intervention).  

Clinical SEBT scores were recorded and normalised to leg length and angular velocities 

were measured using IMUs during SEBT. Composite scores were calculated as the sum 35 

of clinical scores in each direction divided by three. Descriptive statistics (mean ± sd) 

were calculated for each variable and repeated measures ANOVA were used to identify 

differences between limb (dominant, non-dominant) and condition. 

Main Results: Compared to the control condition, bracing and taping significantly 

improved dynamic postural control in the sagittal plane by 6% (1.5-10.5%) P=0.011 and 40 

8% (2.9-13%) P=0.004 respectively. Bracing significantly improved coronal plane stability 

compared to the control condition by 9% (3.8-14.1%) P=0.002, and taping by 7% (1.6-

12.6%) P=0.013. SEBT scores revealed small but statistically significant differences 

(P<0.05) between conditions in the anterior, posteromedial and composite scores, all 

showing a difference of between 1-2%. 45 



5 
 

Principal Conclusions: Patellar soft bracing and taping can improve dynamic postural 

stability during SEBT. It is possible to detect clinically important changes in lower limb 

stability from angular velocity using IMUs. 

Key Words: Star Excursion Balance Test; Inertial Measurement Unit; Reaction Brace; McConnell 

Tape. 50 
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INTRODUCTION 

Patellar bracing and taping techniques are commonly used as conservative therapeutic 65 

interventions for the treatment of patellar injury and/or disease [1]. Prophylactic knee 

braces are commonly used for the prevention of injuries and have been shown to reduce 

pain, increase knee stability and enhance proprioception [2, 3]. However, their 

effectiveness on performance in athletic subjects is still controversial [4]. This may be 

associated with concerns of decreased or impaired athletic performance, which has led 70 

to poor compliance [5]. Further research is therefore required to investigate the efficacy 

of conservative interventions for preventing patellar injury in the non-injured population.  

Research has been conducted to investigate the efficacy of various commercially-

available patellar bracing products. However, new products and designs are continuously 

released. Of these, the Reaction Brace (DJO Inc., USA) represents a novel proprioceptive 75 

knee brace that it is claimed has a shock absorbing elastomeric design [6], which has 

been shown to reduce knee pain, increase function and enhance quality of life in patients 

with patellofemoral pain syndrome (PFP) [6]. The Reaction Brace is described as being 

useful for the treatment and prevention of various forms of patellar injury and disease, 

with a recent study describing effects that could also benefit individuals who have suffered 80 

an ACL injury [7].  

A review, which examined patellofemoral joint treatment modalities, revealed that, 

research investigating the efficacy of patellar bracing interventions was limited in 

comparison to the more popular technique of patellar taping [8]. Most notably, the 

McConnell patellar taping is often employed in clinical practice [9, 10] and many studies 85 
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have shown positive effects on pain relief in patients with PFP [11 – 14]. However, the 

mechanisms for these observed improvements in pain and function in PFP patients are 

still debated [10, 14, 15].  

Clinicians often employ static postural control assessments to evaluate the effectiveness 

of an intervention or injury risks and functional deficits [16]. However, dynamic postural-90 

control assessments have been described as advantageous as they better mimic physical 

activity demands [16]. The Star Excursion Balance Test (SEBT) represents a dynamic 

postural control assessment, which has been described as a reliable, sensitive and cost-

effective technique. The SEBT provides an objective method for the evaluation and 

prediction of dynamic postural control in relation to lower extremity injury and fatigue [16], 95 

and has been described as being sufficiently physically demanding for assessing dynamic 

postural control, as participants must balance on a single limb, whilst the other limb 

performs maximal reach in different directions [17]. This test has also used to evaluate 

the effectiveness of interventions and/or training programs in both healthy and injured 

participants. Herrington [18] used the SEBT to detect performance deficits in ACL and 100 

PFP patients compared to healthy volunteers. However, to the author’s knowledge, no 

study has employed the SEBT to evaluate and compare the effects of patellar bracing 

and taping interventions.   

Due to their compact size, user-friendliness and portability, IMUs are gaining popularity 

in the field of human biomechanics. However, to date, no known studies have used this 105 

wearable technology to examine dynamic postural control during the SEBT. The aim of 

this study was to explore the use of IMUs during SEBT and to gain a further understanding 
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of the effects of bracing and taping interventions on knee stability during dynamic postural 

control. 

METHODS 110 

Design  

An exploratory study comparing stability during dynamic postural control (SEBT) on 

dominant and non-dominant limbs with McConnell taping, bracing and no intervention in 

healthy individuals using IMUs. 

Setting 115 

Research was conducted in the Movement Analysis Laboratory at the University of 

Central Lancashire (Preston, UK).  

Participants 

Twenty-four healthy individuals (13 males, 11 females) from a staff and student 

population were recruited for the study (age = 22.5 ± 2.7 years, height = 171.0 ± 8.4 cm, 120 

mass = 70.6 ± 13.2 kg, Body Mass Index = 24.1 ± 3.8 kg/m2). Eligibility criteria were:  18 

to 60 years of age, no history of surgery to the lower extremities 3 months prior to the 

study, and free from: musculoskeletal or traumatic injuries, neurologic or balance 

disorders, medical conditions that could limit physical activity, and allergies to tape. All 

participants were provided with, and read, a detailed explanation of study procedures 125 

prior to the study. Written informed consent was obtained from all participants. This study 

was conducted in accordance with the principles of the Declaration of Helsinki and was 

approved by the STEMH Ethics Committee of the University of Central Lancashire. 
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Materials 

Delsys Trigno IM sensors (Delsys Inc., Boston, USA) were bilaterally attached to the skin, 130 

4 cm above the lateral malleoli (Figure 1). Prior to application, skin was cleaned using 

Cutisoft wipes (BSN medical GmbH, Hamburg, Germany) to ensure optimal adhesion of 

IMUs during testing.  

Procedure 

Participants were instructed to wear shorts and a T-shirt for testing. Limb dominance was 135 

determined for each participant as the preferred leg used to kick a ball. Dominant and 

non-dominant limb were recorded for each participant. Leg length was measured as the 

distance from the anterior superior iliac spine to the ipsi-lateral medial malleolus in the 

supine position. Any asymmetries were recorded. Activities of daily living were assessed 

using the International Physical Activity Questionnaire-Short Version (IPAQ) [19]. 140 

Three repetitions on each leg were tested under three randomized conditions no 

intervention (control), patellar taping and patellar bracing. Data from each participant were 

collected in a single testing session. For the patellar taping condition, an appropriately 

trained qualified physiotherapist (KB) applied tape using the medial glide technique 

established by McConnell [9]. To protect the skin, two strips of Hypafix tape, 50% of the 145 

knee circumference (BSN medical GmbH, Hamburg, Germany), were applied to the knee 

from the lateral femoral condyle to the medial femoral condyle, covering the height of the 

patella and ensuring that the area over the hamstrings was not taped [1]. No compression, 

tension or medial force was applied during this phase. Three “active” rigid strips of 

Leukotape P (BSN medical GmbH, Hamburg, Germany), were then applied over the 150 
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protective tape, anchoring from the lateral femoral condyle and ending on the medial 

femoral condyle. These strips were used to produce a medial glide across the patella by 

pushing medially lightly with the physiotherapist’s thumb creating a few creases in the 

subjects’ skin (Figure 1). For the knee brace condition, an off the shelf brace (Reaction 

Brace, DJO Global Inc.), was applied in accordance with the manufacturer’s instructions 155 

by the same physiotherapist (Figure 2). 

Insert Figure 1. 

The modified Star Excursion Balance Test (SEBT) was used to assess participants’ 

stability and performance in three directions: anterior (A), posteromedial (PM) and 

posterolateral (PL) [16]. The laboratory floor was marked with three strips of tape that 160 

intersected in the center and were oriented at 45° increments in each direction (Figure 2). 

Prior to each SEBT test session, a qualified physiotherapist (KB) described the SEBT 

procedure and instructed participants on how to perform the test correctly. Four practice 

trials for each leg were permitted prior to data collection [20]. The SEBT was performed 

barefoot for all conditions.  165 

Insert Figure 2. 

Participants were instructed to fix their hands on their hips and attempt to maintain the 

same conditions of balance and stability for the duration of the SEBT. The starting position 

was bilateral stance in the middle of the grid with the great toe of the stance leg placed 

on the centre point of the strips. Participants were asked to perform maximal reach with 170 

their non-stance limb along the each designated direction, always in the same 

consecutive order: A, PM, PL for both the dominant and non-dominant limbs. The trial 
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was concluded following PL reach, when the participant returned to the bilateral stance 

starting position.  

During the SEBT, the same researcher measured the distance of each maximal reach 175 

from the centre point of the grid to the furthest horizontal projection of the reach foot in 

each direction. To facilitate this, the grid was created using three plastic tape measures 

as strips. The researcher manually recorded maximal reach distances for each direction. 

To mitigate errors in IMU data, touchdown of the extended foot was not permitted [21], as 

the support gained can widen the base of support [20]. Trials were discarded and 180 

repeated if the participant: (1) lost balance during any point of the trial, (2) failed to keep 

the hands on the hips or (3) moved any part of the stance (test) foot. IMU data were 

collected throughout the SEBT using EMGworks (Delsys Inc., Boston, USA) software at 

148 Hz.  

Data Analysis 185 

Gyroscope (angular velocity) data were exported from EMGworks (Delsys Inc., Boston, 

USA) software to c3d format and imported into Visual3D (C-Motion Inc. USA) files. Data 

were filtered using a Butterworth 4th order low-pass filter with a cut-off frequency of 10 

Hz. The average range of angular velocity from the three repetitions for sagittal, coronal 

and transverse plane were analyzed from the stance limb between the events of toe off 190 

and toe contact of the non-stance limb for the three conditions. Clinical scores were 

defined as maximal reach distance in each of the three directions and were normalized 

to leg length. A composite score was calculated as the sum of normalized reach distances 

from each direction, divided by three [21, 22]. 
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Statistical Analysis.  195 

A 2 x 3 repeated measures ANOVA was used to investigate differences in clinical and 

IMU data between limbs (dominant and non-dominant) and conditions. Least significant 

difference (LSD) pairwise comparisons were used to investigate main effects between 

limbs and conditions. Effect sizes were calculated using partial eta2. 

RESULTS 200 

All participants completed the SEBT without experiencing fatigue and none of the 

interventions resulted in any adverse reactions. The IPAQ revealed that 12 participants 

were categorized as high level activity, 9 as medium activity and 3 as low level activity. 

Mean ± sd values and ANOVA results for angular velocity data under each of the three 

conditions are presented in Table 1. Statistical analysis revealed significant differences 205 

and a medium effect size for range of angular velocity in the coronal plane (p=0.003, 

pη2=0.42) and sagittal plane (p=0.009, pη2=0.36) between conditions.  

Insert Table 1. 

For the SEBT clinical scores, ANOVA showed significant differences between conditions 

in the anterior (p=0.028, pη2=0.27) and posteromedial (p=0.010, pη2=0.18) directions 210 

(Table 2). No significant differences were found between conditions in the posterolateral 

direction (p=0.513, pη2=0.029). However, significant changes (p=0.04, pη2=0.21) were 

seen in the composite score.  

Insert Table 2. 



13 
 

Further pairwise comparisons presented in Table 3 showed that, in comparison to the 215 

control condition, bracing and taping conditions significantly reduced range of angular 

velocity in the sagittal plane by 6% (p=0.011) and 8% (p=0.004), respectively. The bracing 

condition also reduced range of angular velocity in the coronal plane by 9% compared to 

the control (p=0.002) and 7% taping (p=0.013) conditions. For the clinical score a reduced 

anterior reach was seen for the taping condition with a small but significant decrease in 220 

score of 1% when compared to the control condition (p=0.009). This effect was also seen 

for posteromedial reach, which showed a similar small, but significant decrease of 1% 

when compared to the control and bracing condition (p=0.001, p=0.039), respectively. 

The composite score, pairwise comparisons showed a significant 1% decrease for the 

taping condition compared to the control condition (p=0.002) and a 1% decrease in score 225 

when comparing bracing to the control condition (p=0.036) (Table 2). In addition, a 

significant difference was seen between dominant and non-dominant limbs for anterior 

reach clinical score (p=0.041), with the dominant leg exhibiting a 1% lower score in than 

the non-dominant leg. 

Insert Table 3. 230 

DISCUSSION 

Clinical scores 

The taping intervention produced a small (1%), but significant reduction in anterior, 

posteromedial directions and overall composite score compared to the control condition. 

These findings are in agreement with Aminaka and Gribble [11] and confirm that patellar 235 

taping in healthy individuals can significantly reduce reach scores. However, it is 
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important to differentiate between statistical and clinical significance. The current study 

reported differences that were less than 2.5% of the limb length (LL). A similar study [11] 

defined the minimum clinically important change threshold as 5% LL, which equates to 

approximately 5 cm reach difference and can influence most sports’ tasks. Following this 240 

recommendation, the reduced range of motion observed in this study for taping nor 

bracing did not result in a clinically important change in participants, of which 85% were 

in the high and medium levels of physical activity, as measured by the IPAQ.  

Bracing 

The brace reduced the range of sagittal plane angular velocity by 6% compared to control 245 

conditions. The bracing intervention was also found to significantly reduce the range of 

angular velocity in the coronal plane in comparison to control and taping interventions. 

This is in agreement with previous studies [1, 7] that have examined this plane. Although 

it is argued that only the sagittal plane should be examined for evaluating knee stability, 

these findings suggest that this may not be valid. Imwalle et al [23] demonstrated that 250 

analysis of the coronal plane is sensitive and specific in the prediction of ACL injuries.  

Most research has assessed knee angular velocities in the sagittal plane [24 – 26]. 

However, to the authors’ knowledge, Hanzlíková et al [7] is the only other study to 

consider data from all cardinal planes, which reported that bracing resulted in a significant 

reduction in angular velocity in the transverse plane. Significant differences were not 255 

found for sagittal and coronal planes, which is not in accordance with findings from this 

study. However, direct comparisons of findings between studies cannot be made due to 

differences in methods, namely the tasks performed by participants. These findings do 
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however; further support the evaluation of angular velocity from all cardinal planes when 

investigating knee stability.  260 

Stability of the knee joint, through coordination of the neuromuscular system, can be 

defined as the ability to maintain or control joint movement or position [27]. An 

intervention, which maintains the reach distances but reduces the range of angular 

velocity implies increased control and stability [24]. This complex process is coordinated 

by the central nervous system, which processes sensory inputs [24]. It can therefore be 265 

assumed that the brace influences the somatosensory pathways, altering movement 

control in the sagittal plane during SEBT tasks. These bracing-induced neuromuscular 

alterations and their importance for knee stability have been previously described by Selfe 

et al [1], who stated that additional cutaneous stimulation provided by bracing may be a 

significant factor in enhancing neuromuscular control.  270 

Taping 

In accordance with the bracing intervention, taping was also found to significantly 

decrease range of angular velocity of the shank segment in the sagittal plane by 8% 

compared to the control condition. This resulted in overall improvements in movement 

quality and subsequent knee joint stability during the series of unilateral mini-squats 275 

required for the SEBT. Improvements in control from taping interventions have also been 

described by Selfe et al [1, 24], who demonstrated that neutral patellar taping had a 

significant effect on global control improvements of the whole knee. These findings 

suggest that, like bracing, taping also modifies cutaneous sensory stimulation, enhancing 

neuromuscular performance.  280 
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In a similar study, Aminaka and Gribble [11] evaluated the effects of patellar taping during 

SEBT in individuals with and without PFP. However, in contrast to this study, they found 

no differences in knee kinematics, but did find that PFP patients exhibited increased 

clinical scores for the patellar taping intervention compared to control. In addition, Hinman 

et al [28] showed that taping, applied to modify patella position, could alter magnitude or 285 

distribution of patellofemoral joint pressure and may therefore affect the stresses acting 

on the joint structures. The directional force component applied by the tape, which is 

absent under the brace condition, may offer a further explanation for the results reported 

in this study. However, further research is required to support these claims.  

Clinical Application of IMUs  290 

Although clinical SEBT scores can be used to assess overall reach performance, these 

do not appear to be sensitive enough to detect changes in postural control strategies due 

to bracing and taping. Kinematic data can offer a quantitative and objective assessment 

method, which could help clinicians to understand the subtle performance limitations and 

quality of movement that patients may display during the SEBT. This increased sensitivity 295 

may aid the clinician’s decision-making process, especially when considering the 

effectiveness of future treatments or intervention methods. The IMUs employed in this 

study have been previously validated with respect to reference standard accuracy 

(stereophotogrammetry) [29]. Previous studies have also reported that these IMUs are 

suitable for use in routine rehabilitation of the lower limb joints, as the gyroscopes have 300 

been shown to demonstrate variations in balance control [30].  It is therefore important 

for therapists to be aware of, and understand the potential advantages of such 

technology, which can facilitate sensitive measurements [31].  
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This type of measurement technique, which is generally undertaken using laboratory-

based optoelectric and electromagnetic systems, has not previously been feasible for use 305 

in everyday clinical work. A recent review by Cuesta-Vargas et al [31] compared the use 

of IMUs with gold standard laboratory systems such as electromagnetic and video-based 

optoelectronic systems. This review described laboratory-based systems as being 

complex and expensive, which underlines the discrepancy with systems employed in 

clinical settings. In contrast, IMUs were described as being able to bridge the gap between 310 

large laboratory-based systems and clinical systems, due to their size and portability. The 

nature of IMU data analysis often employs biomechanical models. However, in this study, 

accelerometer and gyroscope data were evaluated through careful placement of the 

sensors on the shank segment. Findings from this study reveal that these measurements 

can detect clinically important changes, which occurred when patellar bracing and taping 315 

interventions were applied. The clinical and practical applicability IMUs is therefore 

highlighted in the current study, as data acquisition was guided by a physiotherapist, who 

was able to collect, process and subsequently interpret IMU data without difficulty. 

Limitations  

This study used of a single sensor placed on the left and right shank, however subjects 320 

could have adopted different strategies. In addition, the use of a single group of subjects 

and testing only the immediate effects may also be viewed as limitations of this study. 

CONCLUSION 

Findings from this study reveal that it is possible to detect clinically important changes in 

movement quality and postural-control strategies in lower limb stability using IMUs placed 325 
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on the shank of healthy individuals. Results suggest that the use of patellar soft bracing 

and taping techniques can improve dynamic postural stability during an SEBT test. This 

suggests that athletes who apply patellar taping or bracing interventions during physical 

activity are unlikely to experience restrictions in performance. Findings from this study 

also suggest that coronal and transverse knee kinematics should not be overlooked when 330 

evaluating dynamic postural control using the SEBT. 
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Figure 1. Participant performing the anterior reach of Star Excursion Balance Test 365 

(SEBT) under the McConnell tape condition (left leg standing). 
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Figure 2. Participant performing the posterolateral reach of Star Excursion Balance Test 

(SEBT) under the Reaction Brace condition (right leg standing). 
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Table 1: Descriptive and inferential results from ANOVA tests for range of angular 

velocity. Results are presented for non-dominant (ND) and dominant (D) limbs, and for 

bracing (B) taping (T) and control (C) conditions. *Significant difference between 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Range of Angular Velocity (deg/s) 

Sagittal Plane Coronal Plane 
Transverse 

Plane 

Condition  
(Limb Dominance) 

Mean sd Mean sd Mean sd 

B (ND) 57.5 13.9 25.3 5.3 36.9 12.3 

C (ND) 62.3 15.2 28.4 7.9 38.9 17.5 

T (ND) 57.8 14.1 29.1 10.2 39.0 10.6 

B (D) 57.3 16.5 25.9 6.9 37.1 13.2 

C (D) 60.0 14.7 27.9 7.2 39.8 13.1 

T (D) 54.6 14.6 27.6 7.5 37.2 13.8 

RM ANOVA P-value pη2 P-value pη2 P-value pη2 

Condition 0.009* 0.36 0.003* 0.42 0.154 0.16 

Limb Dominance 0.355 0.04 0.680 0.01 0.837 0.002 
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Normalised Maximal Reach Distance (% leg length) 
Composite score 

(%leg length) 
Anterior Reach 

Posteromedial 
Reach 

Posterolateral 
Reach 

Condition  
(Limb Dominance) 

Mean sd Mean sd Mean sd Mean sd 

B (ND) 0.658 0.057 0.891 0.077 0.869 0.103 0.806 0.069 

C (ND) 0.645 0.061 0.906 0.052 0.860 0.106 0.804 0.063 

T (ND) 0.669 0.051 0.900 0.082 0.873 0.098 0.815 0.067 

B (D) 0.655 0.066 0.905 0.064 0.871 0.081 0.812 0.056 

C (D) 0.653 0.057 0.888 0.086 0.863 0.114 0.799 0.074 

T (D) 0.639 0.057 0.882 0.056 0.861 0.087 0.796 0.059 

RM ANOVA P-value pη2 P-value pη2 P-value pη2 P-value pη2 

Condition 0.028* 0.27 0.010* 0.181 0.513 0.029 0.004* 0.21 

Limb Dominance 0.041* 0.17 0.655 0.009 0.727 0.005 0.676 0.008 

 

Table 2: Descriptive and inferential results from ANOVA tests for SEBT clinical score. 

Results are presented for non-dominant (ND) and dominant (D) limbs, and for bracing 

(B) taping (T) and control (C) conditions. *Significant difference between conditions. 
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Range of angular velocity 

(deg/ s) 
Comparison 

Mean 
Difference 

p-value 
Lower and Upper 

95% CI 

 
Sagittal Plane 

 

B vs C -3.74* 0.011 (-6.53, -0.96) 

B vs T 1.18 0.425 (-1.83, 4.20) 

C vs T 4.93* 0.004 (1.80, 8.05) 

 
Coronal Plane 

 

B vs C -2.59* 0.002 (-4.07, -1.10) 

B vs T -2.76* 0.013 (-4.99, -0.64) 

C vs T -0.17 0.871 (-2.34, 1.99) 

Transverse Plane 

B vs C -3.42 NS (-6.54, 0.29) 

B vs T -0.50 NS (-3.51, 2.51) 

C vs T 2.92 NS (-0.86, 6.70) 

Normalized Clinical Score 
(% leg length) 

Comparisons 
Mean 

Difference 
p-value 95% CI 

 
Anterior Reach 

B vs C -0.010 0.057 (-0.021, 0.000) 

B vs T 0.005 0.350 (-0.006, 0.016) 

C vs T 0.015* 0.009 (0.004, 0.027) 

 
Posteromedial Reach 

B vs C 0.004 0.514 (-0.017, 0.009) 

B vs T 0.013* 0.039 (0.001, 0.026) 

C vs T 0.018* 0.001 (0.008, 0.027) 

 
Posterolateral Reach 

 

B vs C -0.008 NS (-0.024, 0.009) 

B vs T 0.003 NS (-0.020, 0.025) 

C vs T 0.008 NS (-0.006, 0.027) 

Composite Reach 
 

B vs C -0.009* 0.036 (-0.017, 0.001) 

B vs T 0.008 0.172 (0.004, 0.019) 

C vs T 0.016* 0.002 (0.007, 0.026) 

 

Table 3: Results from pairwise comparisons between condition and limb dominance. 

Results are presented for bracing (B) taping (T) and control (C) conditions. Significant 

differences are presented as bold text. NS = no significant main effect. 

 

 
 

 

 


