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ABSTRACT 16 

Background: Plantar fasciitis (PF) is a prevalent foot condition significantly 17 

impacting daily functioning. While customized foot orthoses (CFOs) are commonly 18 

recommended, limited objective research exists on their neuromuscular effects 19 

during gait. This first study investigates and directly compares the immediate effects 20 

of different CFO designs on lower-extremity muscle activity and gait parameters 21 

during stance in PF patients.  22 

Methods: Forty-five participants with PF underwent gait analysis under four 23 

conditions: shod, CFOs without wedge, CFO W1 (dual rearfoot and forefoot posting), 24 

and CFO W2 (forefoot posting). Spatiotemporal gait parameters and lower-extremity 25 



muscle activity were assessed using an instrumented walkway and wireless 26 

electromyography (EMG). Comfort scores were reported at the end of each 27 

condition.  28 

Results: Exploratory post-hoc analysis, based on the unadjusted result, indicated 29 

that all CFO conditions significantly increased comfort scores compared to shod 30 

conditions (p < 0.001). The CFO W1 notably increased stance phase duration (p < 31 

0.05) and prolonged double support phase (p < 0.001). The CFO W1 design 32 

increased tibialis anterior (TA) activity and reduced biceps femoris (BF) activation 33 

compared to CFO W2 (both p < 0.05), indicating selective, limited changes in TA and 34 

BF peak activity.  35 

Conclusion: Different CFO designs produced distinct immediate biomechanical 36 

modifications. The CFO W1 may reflect a more cautious gait pattern or altered 37 

temporal coordination, accompanied by selective changes in peak neuromuscular 38 

activity. While these results underscore the potential value of considering not just 39 

pain reduction but also specific functional biomechanical responses, clinical 40 

recommendations for individualized orthotic prescription require longitudinal 41 

evidence.  42 
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INTRODUCTION 52 

Plantar fasciitis (PF) is the most prevalent foot condition, diagnosed in over a 53 

million individuals annually (Martin et al., 2014; McPoil et al., 2008). It is 54 

characterized by a thickened plantar fascia and soft tissue edema, which may 55 

contribute to reduced medial arch height and excessive midfoot pronation (Karabay 56 

et al., 2007; Kibler et al., 1991; Pohl et al., 2009). This structural compromise can 57 

impair the plantar fascia's natural spring effect, potentially leading to increased 58 

compensatory muscle activation for balance during ambulation and contributing to 59 

lower extremity biomechanical deficits (Chuter & Janse de Jonge, 2012; Schmitt et 60 

al., 2022). Consequently, individuals with PF frequently experience pain during 61 

weight-bearing activities, which may significantly alter gait patterns and reduce 62 

overall mobility (Goff & Crawford, 2011). 63 

Given these challenges, foot orthoses are commonly prescribed for PF to 64 

modify lower-limb biomechanics and redistribute plantar loads. While customized 65 

foot orthoses (CFOs) consistently demonstrated efficacy in pain reduction and 66 

improved foot function (Koc et al., 2023; Martin et al., 2014; McPoil et al., 2008), the 67 

clinical trial and meta-analysis have suggested that these subjective improvements 68 

do not always correlate with objective gains in walking ability or overall function 69 

(Wang et al., 2025; Wrobel et al., 2015). This indicates that pain scores alone might 70 

overestimate the true extent of biomechanical recovery. For instance, detailed gait 71 

analyses demonstrated that CFOs could modify lower-limb and multi-segment foot 72 

kinematics and improve temporal-spatial gait parameters, such as cadence and 73 

walking velocity, thereby supporting their role in correcting pathological gait patterns 74 

(Harutaichun et al., 2023). However, the other longitudinal study in PF reported that 75 

despite significant pain reduction with CFOs, electromyographic (EMG) activity, gait 76 



parameters, and stabilometric measures remained unchanged throughout the entire 77 

protocol (Moyne-Bressand et al., 2018). Previous investigation into flatfoot 78 

management with 3D-printed CFOs demonstrate that biomechanical shifts can occur 79 

without altering neuromuscular control; specifically, adding a rearfoot posting can 80 

shift the COP posteriorly during late stance and modify pressures under the rearfoot. 81 

Despite these structural and biomechanical adjustments, the added postings 82 

produce no significant changes in lower limb muscle activity during walking (Cherni 83 

et al., 2022). This implies that mechanical pain relief can occur independently of 84 

neuromuscular control normalization.  85 

As plantar fascia loading is influenced by both joint kinematics and muscle 86 

function (Cervera-Garvi et al., 2023; Harutaichun et al., 2022; Moyne-Bressand et 87 

al., 2018; Yoo et al., 2017), a comprehensive assessment of CFO effectiveness 88 

necessitates combining EMG outcomes and spatiotemporal gait parameters with 89 

traditional pain and plantar pressure measures. Such an integrated approach can 90 

reveal whether orthoses not only alleviate symptoms and alter joint motion but also 91 

restore more normal muscle activation patterns and gait behavior, which are crucial 92 

for durable functional recovery in individuals with PF. 93 

Broader orthoses research indicated that different designs and postings could 94 

modulate lower-limb muscle activity in phase-specific ways, demonstrating their 95 

capacity to influence EMG patterns, potentially through load redistribution and tissue 96 

stress reduction (Mündermann et al., 2006; Murley et al., 2010). Clinically, CFOs 97 

often incorporate a varus forefoot wedge alongside medial arch support to manage 98 

excessive pronation and adjust multi-segment foot and lower-limb biomechanics 99 

(Hajizadeh et al., 2019).  100 



During dynamic function, medial forefoot wedges independently shift the 101 

center of pressure (CoP) laterally during the stance phase, effectively redistributing 102 

plantar loading and substantially reducing pressure under the medial heel, hallux, 103 

and second metatarsal. Arch supports, conversely, have a more limited kinetic 104 

impact and usually require a height of 24 mm to significantly decrease pressure in 105 

these areas. Since they operate independently, arch supports and medial forefoot 106 

wedges can be strategically combined for targeted pressure relief, thereby lowering 107 

the risk of exercise-related leg pain (Zhang et al., 2022; Zhang et al., 2024) and 108 

improving symptoms and function in individuals with PF (Thong-On & Harutaichun, 109 

2023). 110 

Furthermore, combining varus forefoot and rearfoot wedges with enhanced 111 

medial longitudinal arch stiffness generates superior corrective reaction forces 112 

compared to unposted devices (Pelaez et al., 2023). During gait, CFOs featuring 113 

both medial wedges effectively address pathological biomechanics by immediately 114 

restricting excessive lower limb and multi-segment foot motion in the frontal and 115 

transverse planes in individuals with PF. One month of using these tailored CFOs 116 

significantly reduces pain intensity and enhances overall foot function. These clinical 117 

improvements are supported by objective enhancements in spatiotemporal gait 118 

parameters, including increased walking velocity and cadence (Harutaichun et al., 119 

2023). In demanding contexts, such as landing on valgus-inclined surfaces, medially 120 

wedged orthoses more effectively counteract slope-induced pronation than thin, 121 

flexible designs without medial wedges by reducing midfoot dorsiflexion and ankle 122 

eversion. This distal correction creates a proximal "cascading effect," enhancing hip 123 

stability and promoting more efficient overall lower limb function (Dami et al., 2024).  124 



For static tasks, CFOs provide benefits through structural features—including 125 

medial arch supports, heel cups, and shock-absorbing materials—that mechanically 126 

redistribute pressure away from the painful heel toward the midfoot. This support 127 

prevents arch collapse, decreases tensile strain on the plantar fascia, and stimulates 128 

plantar skin mechanoreceptors. These combined mechanical and neuromuscular 129 

interventions significantly improve static postural balance, evidenced by a reduction 130 

in both CoP area and mean velocity (Hammami et al., 2024). 131 

While CFOs are known to reduce pain in the short and medium terms for PF, 132 

and their kinematic mechanisms are increasingly documented across both level and 133 

inclined surfaces, the underlying biomechanical and neuromuscular mechanisms of 134 

different orthotic designs remain unclear. Previous research indicates that CFOs, 135 

especially those with varus forefoot and rearfoot wedges, provide superior corrective 136 

forces, effectively restricting pathological foot motion during gait to improve pain and 137 

function (Harutaichun et al., 2023; Pelaez et al., 2023), and also enhance hip stability 138 

and static postural balance (Dami et al., 2024; Hammami et al., 2024). Despite these 139 

advancements, no prior EMG study has directly compared these three specific 140 

orthotic designs (no wedge, dual rearfoot-forefoot posting, forefoot-only posting) in 141 

PF patients during gait. Addressing this critical gap, the present study is the first to 142 

investigate and directly compare the immediate effects of different orthotic 143 

prescriptions on lower-extremity muscle activity in individuals with PF, specifically 144 

evaluating these three distinct designs (no wedge, dual rearfoot-forefoot posting, and 145 

forefoot-only posting) during gait. This is particularly important given that several 146 

studies have demonstrated orthoses and related mechanical interventions can 147 

produce measurable, immediate changes in gait biomechanics and muscle activity 148 

(Moisan et al., 2019; Mündermann et al., 2004; Wyndow et al., 2014). This rapid 149 



response indicates an acute adaptation of the foot–leg system to altered loading and 150 

support, revealing primary neuromuscular adaptations before long-term learning or 151 

habituation occurs. Therefore, examining the immediate effects of different posting 152 

designs on gait parameters and lower-limb EMG is justified. Such an investigation 153 

will help characterize the primary neuromechanical response to specific orthotic 154 

configurations and explore acute biomechanical and neuromuscular markers that 155 

may be linked to longer-term clinical benefits in people with PF. 156 

This study aimed to compare the immediate effects of different orthotic 157 

conditions on lower-limb EMG and gait parameters in individuals with PF. We 158 

investigated three distinct CFO conditions: CFOs without additional wedges 159 

(representing standard conservative care); CFOs with dual varus forefoot and 160 

rearfoot wedges (CFO W1), designed to potentially increase orthosis stiffness and 161 

amplify biomechanical effects; and CFOs with only a varus forefoot wedge (CFO 162 

W2), intended to specifically address forefoot loading and pronation control. A shod 163 

condition served as a control for comparison. We hypothesized that CFO W1 would 164 

increase tibialis anterior activity and prolong the stance phase compared to the CFO 165 

W2 and shod conditions. Finally, as part of this broader comprehensive investigation, 166 

the second part of this series would address balance parameters and lower-limb 167 

EMG during standing across different sensory conditions. 168 

 169 

MATERIALS AND METHODS 170 

Design 171 

The study investigated the immediate effects of different orthotic conditions; 172 

CFO without wedge, CFO W1, or CFO W2 on lower-extremity muscle activity and 173 



gait parameters during the stance phase of gait. The protocol was approved by the 174 

Mahidol Central Institutional Review Board (MU-CIRB 2023/013.0102). 175 

 176 

Participants 177 

A licensed physical therapist confirmed a diagnosis of PF based on the 178 

criteria (Martin et al., 2014): tenderness upon palpation of the medial calcaneal 179 

tubercle and the proximal portion of the plantar fascia; heel pain during the first steps 180 

in the morning or after rest, which improves with initial walking but is aggravated by 181 

sustained weight-bearing; persistent symptoms for a minimum of six weeks; and a 182 

self-reported maximum pain intensity of 3 or greater on the visual analog scale 183 

(VAS) within the previous week. Exclusion criteria were: signs of L5-S1 nerve root 184 

irritation; history of lower extremity fracture or surgical procedures; existing diagnosis 185 

of a systemic condition that could be a confounding factor. 186 

 187 

Sample size calculation 188 

The primary outcome of this study was designated as the normalized EMG 189 

amplitude during the stance phase; all other spatiotemporal, and comfort measures 190 

were considered secondary outcomes. The required sample size was determined 191 

using G*Power software for a repeated-measures ANOVA with four within-subject 192 

conditions. Since no prior study reported EMG data across these specific four orthotic 193 

conditions in PF, a reliable EMG-based effect size could not be directly derived. 194 

Therefore, the calculation was conservatively based on kinematic data from a prior 195 

study (Harutaichun et al., 2022), which compared three similar foot orthotic conditions 196 

(shod, W1, W2) during gait and reported partial eta squared values ranging from 0.055 197 

to 0.619 for hip, knee, ankle, and foot kinematics. We acknowledge that EMG variables 198 



generally exhibit smaller effect sizes and higher variability compared to kinematic data. 199 

To explicitly compensate for this disparity and ensure an adequately powered study, 200 

we deliberately selected the lowest reported effect size (partial eta square = 0.055, 201 

representing arch kinematics) to serve as a highly conservative proxy, combined with 202 

a high 95% power threshold. Using this conservative estimate (partial eta squared of 203 

0.055), with a significance level (α) of 0.05 and 95% power for four repeated measures, 204 

the analysis indicated that a minimum of 39 participants were required. Accounting for 205 

a potential 15% dropout rate during testing, a total of 45 participants were recruited.  206 

 207 

Interventions 208 

All CFOs were prescribed and fitted by a primary experienced physical 209 

therapist specializing in musculoskeletal management. Each CFO was individually 210 

customized using heat-molding. This process was performed with the participant 211 

positioned prone, with the heel off the bed, to ensure a neutral subtalar joint 212 

alignment (Landorf et al., 2004; Redmond et al., 2009). The orthoses were 213 

constructed from a dual-layer material, consisting of a 3mm polycaprolactone shell 214 

for structural support, overlaid with a full-length ethylene propylene diene monomer 215 

(EPDM) rubber top cover for cushioning and comfort. The base design for all 216 

orthoses, including the condition referred to as “CFO without wedges”, incorporated 217 

a medial longitudinal arch support and a cushioned heel cup, but no additional varus 218 

postings (Figure 1a).  219 

Extrinsic posts or wedges were constructed from fabric-covered solid rubber 220 

and were available in forefoot varus options of 3°, 6°, and 8°, and rearfoot varus 221 

options of 3° and 6°. To determine the appropriate orthotic correction, participants' 222 

forefoot and rearfoot angles were meticulously examined using two distinct, 223 



standardized assessment techniques (Monaghan et al., 2013; Root, 1973). Intra-224 

rater reliability for both methods was evaluated prior to the study.  225 

For the CFO W1 condition (Figure 1b), posting adhered to the Root method 226 

(Root, 1973), a widely used podiatric technique for CFOs (Desmyttere et al., 2018; 227 

Genova & Gross, 2000; MacLean et al., 2008). This assessment considers an 228 

intrinsic reference frame, determining the clinical rearfoot and forefoot angles relative 229 

to the bisection of the lower leg and calcaneus, respectively. For W1, both the 230 

extrinsic forefoot and rearfoot varus posts were determined from the measured 231 

forefoot angle: the forefoot post was set to 60% of this angle (maximum 8°), and the 232 

rearfoot post was set to 50% of this angle (maximum 6°) (Brown et al., 1995). While 233 

this method is traditional, previous studies indicated poor correlation between its 234 

clinical rearfoot angle measurements and actual gait kinematics (Monaghan et al., 235 

2013; Pierrynowski & Smith, 1996), suggesting it may not fully reflect foot-ground 236 

interaction (Jarvis et al., 2017). In this study, the intra-rater reliability for Root's 237 

method was ICC(3,1) = 0.71 for forefoot angle and ICC(3,1) = 0.78 for rearfoot 238 

angle.  239 

To address these recognized limitations, the second protocol, for CFO W2, 240 

utilized the foot assessment proposed by Monaghan et al. (Monaghan et al., 2013), 241 

which employs an extrinsic reference frame. This technique defines the clinical 242 

forefoot angle as the angle between the metatarsal heads and the caudal table edge 243 

(parallel to the foot's mediolateral axis and ground during standing), and the clinical 244 

rearfoot angle as the angle between the calcaneus bisection and a line perpendicular 245 

to the caudal table edge. This extrinsic approach is suggested to better predict 246 

forefoot and rearfoot angles and provide a more effective assessment for 247 

determining required posting (Hsu et al., 2014; Monaghan et al., 2013). In this study, 248 



the intra-rater reliability for Monaghan's method yielded ICC(3,1) of 0.85 for forefoot 249 

angle and 0.91 for rearfoot angle. For CFO W2, a forefoot post was applied at 50% 250 

of the measured forefoot angle, and a rearfoot post was set to 20% of the measured 251 

rearfoot angle. Notably, for the W2 condition in this study, the calculated 20% 252 

rearfoot angle did not result in an applied rearfoot varus post for any participant, 253 

effectively making CFO W2 a forefoot-only intervention (Figure 1c). 254 

 255 

Physical assessment 256 

Prior to the gait assessment, a comprehensive physical examination was 257 

conducted. This involved identifying the more symptomatic limb, and then measuring 258 

characteristics such as body mass index (BMI), self-reported daily weight-bearing 259 

hours, the duration of heel pain, static alignment and range of motion of the 260 

tibiofemoral (ICC = 0.76) and foot progression angles (ICC = 0.84), hallux valgus 261 

angle (ICC = 0.91), passive first metatarsophalangeal (MTP) joint dorsiflexion (ICC = 262 

0.74), gastrocnemius-soleus flexibility using the weight-bearing lunge test (ICC = 263 

0.89), and Foot Posture Index (FPI) (ICC = 0.85) and Lateral Step Down (LSD) test 264 

(ICC = 0.81) were recorded. 265 

 266 

Experimental protocol 267 

Before the testing phase, all participants were given a standardized pair of 268 

'CROCS Off Court Clogs' in their appropriate size. They were instructed to wear 269 

these shoes with their CFOs for about one week to allow for familiarization. 270 

Adherence to this familiarization period was self-reported; participants were required 271 

to wear the footwear combination for a minimum of 4 hours per day, which was 272 

confirmed via the LINE messaging application prior to the gait assessment. This 273 



particular shoe model was chosen for its compatibility with the study's CFOs and its 274 

appeal to participants who favored sandal-like footwear. 275 

Spatiotemporal gait parameters were captured using a 3-meter Zebris FDM 276 

instrumented walkway (Zebris Medical GmbH, Germany) sampling at 100 Hz. During 277 

testing, a second independent physical therapist, who was strictly blinded to the 278 

specific orthotic condition assigned to each participant, instructed participants to walk 279 

across the platform at their self-selected, comfortable speed under four orthotic 280 

conditions including shod only (the standardized CROCS without orthoses), shod 281 

with CFOs, shod with CFO W1, and shod with CFO W2. To minimize order effects, 282 

the testing sequence of these four conditions was randomized for each participant 283 

using a computer-generated random number sequence in Microsoft Excel, utilizing a 284 

random permuted block design with a block size of four. Three successful trials were 285 

recorded for each condition. Comfort scores were reported at the end of each 286 

condition, where a higher score indicated greater comfort. The average values for 287 

key spatiotemporal parameters including; step length, step time, stance phase (%), 288 

double support phase (%), stride length, stride time, step width, cadence, and 289 

velocity were recorded.  290 

Surface electromyography (EMG) data were recorded using a Delsys 291 

Trigno™ Wireless EMG System (Delsys Inc., USA) (Hashiguchi et al., 2023). Five 292 

lower-limb muscles were selected for bilaterally recording: tibialis anterior (TA), 293 

medial gastrocnemius (MG), peroneus longus (PL), biceps femoris (BF), and rectus 294 

femoris (RF). This selection aimed to capture key agonist–antagonist pairs acting at 295 

the ankle (TA, PL, MG) and knee/hip (RF, BF), consistent with standard lower-limb 296 

surface EMG gait protocols that monitor one flexor–extensor pair per joint, utilizing 297 

bi-articular muscles where possible (Agostini et al., 2020; Ericson et al., 1986).  298 



Prior to electrode placement, the skin over each muscle belly was shaved, if 299 

necessary, and cleaned with alcohol to reduce impedance and improve conductivity, 300 

following established surface EMG protocols. Delsys Trigno Avanti wireless sensors, 301 

which incorporate a bipolar electrode pair with a fixed center-to-center inter-electrode 302 

distance of 10 mm, were then placed over the largest portion of each muscle belly. 303 

They were aligned with the presumed fiber direction and positioned between the 304 

innervation zone and tendon (Agostini et al., 2020; Di Nardo et al., 2025). This 305 

placement adhered to Surface EMG for the Non-Invasive Assessment of Muscles 306 

(SENIAM) guidelines and landmarking approaches used for lower-limb muscles 307 

(Hermens et al., 2000). Signal quality was rigorously monitored during quiet standing 308 

and initial test gait trials to check for baseline noise, movement artifacts, and signal 309 

dropout, consistent with recommendations for clinical gait EMG and Trigno-based 310 

assessments (Farago et al., 2022; Papagiannis et al., 2019). Specific attention was 311 

given to muscles prone to crosstalk and location sensitivity, such as TA and PL. Only 312 

channels with stable envelopes and consistent timing across gait cycles were 313 

retained for analysis (Campanini et al., 2007; Papagiannis et al., 2019). 314 

 315 

Signal processing 316 

A wireless Trigno IMU sensor (Delsys, MA, USA) was securely attached to 317 

the lateral aspect of each shank using elastic bands. Initial contact (IC) and toe-off 318 

(TO) were detected from the shank’s sagittal-plane angular velocity using a 319 

validated, rule-based algorithm (Fadillioglu et al., 2020). Specifically, IC was 320 

identified as the first zero-crossing following the mid-swing angular velocity peak. TO 321 

was then determined as the negative peak occurring just before the subsequent mid-322 

swing peak, effectively capturing the high-frequency components of the stance 323 



phase. EMG and IMU data were imported into Visual3D software (HAS motion, 324 

Canada) for further processing. Successful trials were defined as those where 325 

surface EMG signals showed no visible movement artifacts or technical errors, a 326 

signal‑to‑noise ratio (SNR) ≥ 20 dB, and baseline noise ≤ 2% of the maximum EMG 327 

amplitude for that muscle (De Luca et al., 2010); any contaminated trials were 328 

rejected and repeated. The EMG signals were band-pass filtered (20-450 Hz), full-329 

wave rectified, and then filtered with a 6 Hz low-pass filter. Peak and average EMG 330 

muscle activity were recorded for each stance phase and averaged over the three 331 

successful trials which were then normalized to the maximum observed signal for 332 

each muscle across all walking conditions. To enable direct comparisons of muscle 333 

activation across the different orthotic conditions within each participant, these 334 

values were subsequently normalized to the highest signal recorded for each muscle 335 

across all tested conditions. This normalization approach is consistent with accepted 336 

task-based strategies, which aim to reduce variability and enhance the comparability 337 

of data across different experimental conditions (Burden, 2010; Yang & Winter, 338 

1984). 339 

 340 

Statistical analysis 341 

Primary analyses and all subsequent post-hoc comparisons used Benjamini-342 

Hochberg False Discovery Rate (FDR)-adjusted p-values (q-value). Pre-specified 343 

primary variables included comfort score during testing in each condition, step 344 

length, step time, % stance phase, % double support phase, stride length, stride 345 

time, step width, cadence, velocity, and peak and mean normalized EMG amplitudes 346 

for TA, MG, PL, BF, and RF during the stance phase. To manage the extensive 347 

number of potential outcomes and mitigate the risk of Type I error from multiple 348 



comparisons, the primary analysis focused solely on data collected from the more 349 

symptomatic limb of each participant. Normality of data distribution was assessed via 350 

the Kolmogorov-Smirnov test, guiding the selection of appropriate statistical tests.  351 

For normally distributed data, a repeated-measures ANOVA was used to 352 

explore differences between orthotic conditions. Sphericity was assessed using 353 

Mauchly's Test of Sphericity, with sphericity confirmed, no adjustments to the 354 

degrees of freedom were necessary. For data that were not normally distributed, the 355 

non-parametric equivalent, the Friedman test, was used. To account for multiplicity 356 

across these variables, p-values from the primary omnibus tests were corrected 357 

using the FDR adjustment (at a 0.05 significance threshold), performed in R 358 

statistical software (version 4.5.3). 359 

When a significant main effect was found, exploratory post-hoc pairwise 360 

comparisons were conducted and evaluated using FDR-adjusted p-values. For non-361 

parametric data, post-hoc analysis utilized the automated pairwise comparisons built 362 

into the Friedman procedure in SPSS (based on mean ranks), where ties are 363 

assigned the average rank. All effect sizes were expressed using Cohen’s d to 364 

facilitate comparison across analyses, with partial eta-squared from ANOVA and 365 

Kendall’s W from Friedman tests converted to an approximate Cohen’s d. Values of 366 

approximately 0.15, 0.36, and 0.67 were labeled small, medium, and large, 367 

respectively (Kinney et al., 2020). All other statistical analyses were performed using 368 

SPSS (Version 30.0), with the level of significance set at p < 0.05. 369 

 370 

RESULTS 371 

A total of 45 participants with a mean age of 44.35 (SD 10.54) years and a 372 

mean BMI of 24.57 (SD 3.52) kg/m² were recruited, reporting chronic symptoms with 373 



a median heel pain duration of 13.50 weeks. Detailed participant characteristics, 374 

including specific measurements for foot progression angle, dorsiflexion lunge test, 375 

hallux valgus angle, 1st MTP joint dorsiflexion, FPI, and the LSD test, are presented 376 

in Table 1.  377 

A highly significant main effect for comfort scores was found across the four 378 

conditions (unadjusted p < 0.001 and q < 0.001) (Table 2). Post-hoc analysis, based 379 

on this robust significance, confirmed that all three orthotic conditions (CFOs without 380 

wedge, CFO W1, and CFO W2) resulted in significantly higher comfort scores 381 

compared to the shod condition (Table 3, Figure 2a). 382 

 383 

Gait and Spatiotemporal Parameters 384 

While stance phase duration showed a significant main effect based on its 385 

unadjusted p-value of 0.017 (medium effect size), this effect became non-significant 386 

after Benjamini-Hochberg FDR adjustment (q = 0.085) (Table 2). Nevertheless, 387 

exploratory post-hoc analysis, justified by the unadjusted significance, indicated the 388 

CFO W1 condition significantly increased stance phase duration compared to the 389 

shod condition (Table 3, Figure 2b).  390 

Conversely, a significant main effect with a large effect size was consistently 391 

found for the double support phase (unadjusted p = 0.004; q = 0.040), where the 392 

CFO W1 condition significantly lengthened this phase compared to both shod and 393 

CFO W2 conditions (Table 2 and 3, Figure 2c). Other spatiotemporal parameters—394 

step length (q = 0.988), step time (q = 0.861), stride length (q = 0.864), stride time (q 395 

= 0.918), step width (q = 0.861), cadence (q = 0.988), and walking velocity (q = 396 

0.988)—showed no significant main effects (Table 2). 397 

 398 



Muscle activity during stance phase 399 

Analysis of the peak relative muscle activation profiles during the stance 400 

phase revealed distinct neuromuscular demands (Table 2). Across all conditions, 401 

MG was consistently the most active muscle. Peak BF activity showed a significant 402 

main effect with medium effect size (unadjusted p = 0.006; q = 0.040). Post-hoc tests 403 

indicated that both CFOs without wedge and CFO W1 resulted in significantly lower 404 

BF activity compared to CFO W2 (Table 3, Figure 2d), suggesting increased BF 405 

activity with CFO W2. Peak TA activity initially had a significant main effect with 406 

medium effect size (unadjusted p = 0.026) but became non-significant after FDR 407 

adjustment (q = 0.104) (Table 2). Exploratory post-hoc analysis, based on the 408 

unadjusted result, suggested the CFO W1 condition produced the highest TA 409 

activity, while CFO W2 resulted in the lowest (Table 3, Figure 2e). Given these 410 

findings of significant differences, the muscle activity patterns of BF and TA across 411 

the four conditions during the entire stance phase are further illustrated in Figure 3a 412 

and 3b. No significant main effects were observed for peak RF (q = 0.861), MG (q = 413 

0.716), or PL (q = 0.269) activity, nor for the average activity of all muscles across 414 

conditions (q > 0.05 for all) (Table 2).  415 

 416 

DISCUSSION 417 

This study examined the effects of three types of CFOs on comfort, gait 418 

parameters, and lower-limb muscle activity in individuals with PF. The results 419 

demonstrated that all CFO conditions significantly increased comfort compared to 420 

the shod condition, aligning with previous research showing that CFOs are effective 421 

for pain reduction and functional improvement in individuals with PF (Coheña-422 

Jiménez et al., 2020; Harutaichun et al., 2022; Thong-On & Harutaichun, 2023).  423 



 424 

Summary of key findings 425 

Gait and Spatiotemporal Parameters 426 

CFO W1 significantly increased stance phase duration compared to the shod 427 

condition, and also prolonged the double support phase relative to both the shod and 428 

CFO W2 conditions. These observed temporal alterations may reflect a more 429 

cautious gait pattern or altered temporal coordination. Based on prior research, it is 430 

theorized that CFO W1, through combined varus rearfoot and forefoot posting, 431 

improves rearfoot control and mitigates compensatory midfoot movement and 432 

overpronation, potentially reducing plantar fascia strain and contributing to the 433 

extended stance and double support times (Hajizadeh et al., 2019; Harutaichun et 434 

al., 2022).   435 

Conversely, interpretations of CFO W2's effects are more cautious and 436 

presented as hypotheses. It is proposed that CFO W2 primarily functions as an 437 

alignment intervention at the forefoot and knee, consistent with prior findings that 438 

varus forefoot posting can induce lateral load shifting and reduce forefoot abduction 439 

(Harutaichun et al., 2022). This intervention modifies segmental kinematics and 440 

resulted in shorter stance and double support durations. While both CFO designs are 441 

hypothesized to alter plantar fascia strain and foot kinematics through differing 442 

mechanisms and effects on gait parameters (Harutaichun et al., 2022; Zhang & 443 

Vanwanseele, 2023), these mechanistic explanations remain speculative and are 444 

hypothesis-generating rather than directly established outcomes from the present 445 

measurements. The lack of significant changes in step length, stride length, 446 

cadence, and walking velocity across conditions aligns with previous work indicating 447 

that orthoses primarily influence temporal rather than spatial aspects of gait in 448 



individuals with PF (Harutaichun et al., 2022; Harutaichun et al., 2023; Zhang & 449 

Vanwanseele, 2023). 450 

 451 

Muscle activity during stance phase 452 

The present findings reveal selective, rather than widespread, neuromuscular 453 

adaptations across different orthotic conditions, with only peak TA and BF activity 454 

showing significant differences, thus warranting cautious interpretation. Specifically, 455 

the dual forefoot and rearfoot posting from CFO W1 was linked to higher peak TA 456 

activity compared to CFO W2. This could be attributed to the additional rearfoot 457 

posting, which might alter initial contact mechanics and rearfoot stability, thereby 458 

increasing TA's role in controlling foot placement and deceleration during early 459 

stance, a notion supported by previous research (Harutaichun et al., 2022; Schmitt et 460 

al., 2022; Zhang & Vanwanseele, 2023). 461 

Conversely, both the CFOs without wedge and CFO W1 exhibited lower peak 462 

BF activity than CFO W2. As CFO W2 only provides forefoot posting, it may offer 463 

less rearfoot control, potentially necessitating greater compensatory hamstring (BF) 464 

activation to stabilize the knee and hip. The added rearfoot support of W1 might, 465 

therefore, reduce this need for compensatory BF activity (Abiko et al., 2020; 466 

Harutaichun et al., 2022; Zhang & Vanwanseele, 2023). However, it is possible that 467 

these differences in BF activity reflect other changes in joint kinematics or altered 468 

muscle synergies not directly related to compensatory demand. These mechanistic 469 

explanations are acknowledged as speculative hypotheses requiring further 470 

confirmation through more comprehensive EMG studies. While the previous study 471 

(Piri et al., 2025) explored double-density orthoses in individuals with pronated feet, 472 

the precise effects on muscle activities during dynamic tasks in individuals with 473 



plantar fasciitis remain an unresolved area, underscoring the need for further 474 

investigation in this specific patient population. 475 

Finally, spatial data further indicated that CFO W1 extended both stance and 476 

double-support durations compared to other conditions. This prolonged foot contact 477 

might lessen the need for proximal hamstring activation to maintain limb stability, 478 

while simultaneously, altered foot mechanics and enhanced rearfoot control could 479 

increase the demand for dorsiflexion control, aligning with the observed higher TA 480 

activity. Given the limited number of EMG variables showing significant differences, 481 

these potential relationships between spatial gait changes and muscle activity are 482 

considered tentative and hypothesis-generating rather than definitive conclusions. 483 

 484 

Clinical Implications 485 

Overall, these findings emphasize that lower limb muscle activity is 486 

responsive to orthotic modifications, underscoring the importance of individualized 487 

considerations in orthotic prescriptions to potentially optimize gait mechanics and 488 

stability. The selection among interventions —CFO without wedge, CFO W1 (dual 489 

posting), or CFO W2 (forefoot posting only) —could be informed by a comprehensive 490 

gait assessment and the patient’s unique biomechanical requirements. Specifically, 491 

given its association with increased peak TA activity, prolonged stance and double 492 

support durations, and significantly lowers peak BF activity compared to CFO W2 in 493 

this acute laboratory setting, CFO W1 may be considered for further study in 494 

individuals requiring rearfoot control, but clinical recommendations require 495 

longitudinal evidence. Similarly, while CFO W2 offers forefoot-specific modifications 496 

and the CFO without wedge provides neutral support, clinical superiority cannot be 497 



claimed for any of these designs based solely on immediate, laboratory-based 498 

responses without long-term outcomes. 499 

 500 

Strengths of the study  501 

The present findings have several important clinical implications. This study 502 

directly addresses a common clinical dilemma: which orthotic posting design to 503 

choose for patients with PF. A significant strength of this study is its direct addressal 504 

of clinically relevant orthotic prescription strategies for PF, contributing valuable 505 

insights for individualized treatment approaches. Furthermore, this study contributes 506 

significantly to a relatively limited body of literature examining immediate 507 

neuromuscular responses to different orthotic posting strategies. To our knowledge, 508 

this is the first study to integrate subjective comfort scores with objective 509 

spatiotemporal gait parameters and multi-muscle EMG, providing a holistic and 510 

comprehensive assessment of orthotic effects. This multimodal approach yields 511 

comprehensive insights into both biomechanical and neuromuscular functional 512 

adaptations, thereby filling a critical knowledge gap identified in previous research 513 

that has largely focused on kinematic or pain outcomes, or reported inconsistent 514 

EMG findings. The randomized, within-subject design is a critical strength of this 515 

study, as it inherently and significantly reduces inter-individual variability, thereby 516 

strengthening the validity and precision of our comparisons. The inclusion of multiple 517 

distinct orthotic designs (CFO without wedge, CFO W1, and CFO W2) within the 518 

same cohort is a major contribution, allowing for the direct comparison of different 519 

prescription approaches under controlled conditions. By directly comparing the shod 520 

condition with each CFO design, this protocol allowed for the isolation of specific 521 

biomechanical and neuromuscular effects unique to each design. An additional 522 



strength is the assessment of intra-rater reliability for both Root and Monaghan 523 

orthotic measurement methods, a detail rarely reported in orthotic studies. Notably, 524 

the standardized experimental setup, employing controlled walking conditions, a 525 

standardized footwear protocol (which addresses shoe type as a major confounder), 526 

and an instrumented walkway, enhanced the reliability and precision of the 527 

measurements.  528 

 529 

Limitations of the study 530 

This study has several limitations that should be acknowledged. First, and 531 

crucially, we only investigated the immediate, "first-fit" effects of the orthoses. 532 

Therefore, our findings reflect acute, condition-specific responses and cannot be 533 

generalized to long-term clinical outcomes, as neuromuscular and gait adaptations 534 

may change significantly with prolonged orthotic use. Long-term adaptations in gait 535 

patterns and muscle activity may differ as the neuromuscular system learns and 536 

adjusts to the new sensory input, a phenomenon noted in other insole studies 537 

(Murley et al., 2010; Yi et al., 2018). Second, the study included a predominantly 538 

female sample (82.2%), which may limit the generalizability of these findings to 539 

broader populations. Third, the EMG analysis was limited to surface electrodes on a 540 

selection of muscles and may not fully capture the activity of deeper musculature 541 

(e.g., tibialis posterior, flexor hallucis longus) or the complexity of overall 542 

neuromuscular coordination. Fourth, the EMG normalization method, which involved 543 

normalizing to the maximum observed signal across all conditions, is a 544 

methodological limitation that may influence the comparability and interpretation of 545 

muscle activation levels, particularly when comparing with studies that utilize 546 

isometric reference contractions. As the study primarily focused on spatiotemporal 547 



gait parameters without direct measurement of joint kinematics or kinetics, 548 

interpretations concerning underlying biomechanical mechanisms (e.g., rearfoot 549 

motion, pronation, or plantar fascia loading) are therefore speculative. Fifth, the 550 

extensive number of outcome variables increased the risk of Type I error; while 551 

corrected with the Benjamini–Hochberg procedure, some main effects lacked 552 

significance. Therefore, post-hoc comparisons are presented as exploratory, 553 

hypothesis-generating analyses, requiring cautious interpretation (Rubin & Donkin, 554 

2022). Finally, the study did not include comprehensive patient-reported functional 555 

outcomes, such as validated functional scales like the Foot Function Index or the 556 

Foot and Ankle Mobility Measure, beyond comfort scores, such as validated 557 

functional scales or quality-of-life measures, which limits the clinical interpretation of 558 

the findings regarding overall functional improvement. The study was conducted in a 559 

controlled laboratory environment with standardized footwear, specifically a single 560 

model (CROCS). While this setup ensured high internal validity, it may not fully 561 

reflect the variability in terrain, speeds, and activities encountered in real-world 562 

walking conditions. Crucially, the potential interaction between these orthotic designs 563 

and various types of footwear (e.g., work boots, athletic shoes, casual shoes) is a 564 

significant unaddressed factor, as different shoe characteristics could substantially 565 

alter the observed biomechanical and neuromuscular effects.  566 

 567 

Future Directions 568 

The present findings offer insights with implications for future research. The 569 

results after FDR adjustment highlight those different orthotic designs elicit distinct 570 

immediate biomechanical and neuromuscular responses. For example, CFO W1 571 

demonstrated a significantly prolonged double support phase compared to the shod, 572 



which may reflect a more cautious gait pattern or altered temporal coordination. 573 

Although specific neuromuscular responses were observed—particularly concerning 574 

peak BF function when comparing CFO W2 to the CFO without a wedge—clinical 575 

recommendations for individualized orthotic prescriptions require longitudinal 576 

evidence. Future work is essential to determine if these immediate biomechanical 577 

and neuromuscular changes persist over time, how adaptation occurs, and which 578 

initial gait modification strategy best correlates with long-term clinical success. 579 

 580 

CONCLUSION  581 

This study has demonstrated that different CFO designs provide immediate 582 

discomfort relief for individuals with PF. Specifically, CFO W1 was associated with 583 

increased double support time, which may reflect a more cautious gait pattern or 584 

altered temporal coordination. Furthermore, CFO W1 and CFOs without wedge 585 

elicited less peak BF activity compared to the CFO W2 design. These findings are 586 

exploratory and hypothesis-generating, requiring confirmation in longer-term studies 587 

with direct stability measurements.  588 
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Table 1 Participant characteristics (n = 45). Data are shown as mean (SD) / median 839 
(IQR), minimum and maximum.  840 

 Mean (SD) / Median 
(IQR) 

Minimum Maximum 

Age, years 44.35 (10.54) 20.0 60.0 
Females, number (%) 37 (82.2 %) - - 
BMI, kg/m2 24.57 (3.52) 17.24 29.87 
Weight-bearing duration, 
hours/day 

5.00 [3.00, 8.00] 1.0 15.0 

Heel pain duration, weeks 13.50 [8.00, 33.00] 10.0 120.0 
Tibiofemoral angle, degrees 9.00 [6.00, 13.00] 5.0 32.0 
Foot progression angle, 
degrees 

6.48 (5.05) -3.0 18.0 

Dorsiflexion lunge test, cm 11.27 (3.45) 4.0 18.5 
Hallux valgus angle, degrees 11.95 (7.40) 0.0 29.0 
1st MTP joint dorsiflexion angle, 
degrees 

52.35 (8.35) 34.0 75.0 

Foot posture index, scores 3.43 (4.07) -5 12 
Lateral step-down test, scores 3.00 [2.00, 4.00] 1 4 

 841 
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 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 

Table 2 Comparison of the mean (SD) or median (IQR) of comfort score, gait 852 
parameters, peak and average EMG of each muscle among each condition (n=45). 853 

 Shod CFOs without 
Wedge  

CFO W1  CFO W2 95% Confidence i     
  

   
 

Lower bound Uppe    

Comfort score, cm 4.60 [2.93, 6.73] 6.60 [5.58, 7.83] 6.50 [4.58, 8.30] 6.80 [5.08, 8.50] 5.362 6       
Step length, cm 57.00 [52.42, 59.50] 57.50 [51.17, 60.13] 55.17 [52.00, 59.92] 56.33 [52.50, 58.67] 54.626 5     
Step time, s 0.59 (0.05) 0.59 (0.05) 0.59 (0.04) 0.59 (0.04) 0.576 0     
Stance phase, % 66.31 (1.96) 66.76 (2.12) 67.08 (1.86) 66.25 (2.46) 66.021 6     
Double support phase, % 32.02 (2.88) 32.77 (3.05) 33.35 (2.94) 32.33 (3.20) 31.686 3     
Stride length, cm 110.84 (9.05) 110.76 (10.75) 110.60 (7.82) 111.66 (8.24) 108.098 11     
Stride time, s 1.18 (0.09) 1.19 (0.09) 1.18 (0.10) 1.19 (0.09) 1.154 1     
Step width, cm 12.62 (3.08) 12.46 (3.52) 12.26 (2.95) 12.35 (3.52) 11.446 1     
Cadence, steps/minute 100.60 (7.80) 100.62 (8.06) 100.33 (8.59) 100.50 (7.56) 98.136 10     
Velocity, km/h 3.36 (0.38) 3.34 (0.45) 3.34 (0.45) 3.34 (0.46) 3.221 3     
Peak Rectus Femoris 0.453 (0.138) 0.472 (0.150) 0.458 (0.132) 0.447 (0.124) 0.422 0     
Peak Medial Gastrocnemius 0.535 (0.086) 0.511 (0.100) 0.514 (0.092) 0.513 (0.107) 0.492 0     
Peak Biceps Femoris 0.349 (0.135) 0.334 (0.138) 0.352 (0.132) 0.403 (0.114) 0.326 0     
Peak Tibialis Anterior 0.355 (0.125) 0.337 (0.112) 0.372 (0.110) 0.327 (0.104) 0.316 0     



Peak Peroneus Longus 0.421 (0.116) 0.456 (0.111) 0.460 (0.102) 0.449 (0.116) 0.417 0     
Average Rectus Femoris 0.187 (0.051) 0.186 (0.048) 0.178 (0.043) 0.183 (0.047) 0.170 0     
Average Medial Gastrocnemius 0.250 (0.054) 0.247 (0.060) 0.249 (0.051) 0.255 (0.069) 0.233 0     
Average Biceps Femoris 0.145 (0.076) 0.136 (0.072) 0.147 (0.069) 0.151 (0.062) 0.124 0     
Average Tibialis Anterior 0.127 (0.054) 0.122 (0.055) 0.127 (0.061) 0.123 (0.047) 0.109 0     
Average Peroneus Longus 0.219 (0.057) 0.228 (0.057) 0.236 (0.051) 0.226 (0.058) 0.206 0     

* Significant difference among conditions  854 
† Effect sizes are expressed as Cohen's d, with partial eta-squared from ANOVA and Kendall’s W from Friedman tests 855 
converted to an approximate Cohen’s d.   856 
 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

Table 3 Post-hoc comparisons of the outcomes with a significant main effect.  865 

 866 
* Significant difference between conditions 867 

 868 

Comparisons Mean / Median 
Difference 

P 
 

95% Confidence interval of differences   
  

Lower bound Upper bound 
Comfort scores       
     Shod CFOs without wedge -2.058 < 0.001* -2.675 -1.442   
     Shod CFO W1 -1.686 < 0.001* -2.229 -1.142   
     Shod CFO W2 -1.932 < 0.001* -2.703 -1.162   
     CFOs without wedge CFO W1 0.373 0.767 -0.260 1.005  
     CFOs without wedge CFO W2 0.126 0.800 -0.410 0.663  
     CFO W1 CFO W2 -0.246 0.966 -0.902 0.409  
Stance phase duration      
     Shod CFOs without wedge -0.451 0.452 -1.137 0.235  
     Shod CFO W1 -0.773 0.020* -1.460 -0.087  
     Shod CFO W2 0.062 1.000 -0.856 0.980  
     CFOs without wedge CFO W1 -0.323 1.000 -1.136 0.491  
     CFOs without wedge CFO W2 0.513 0.813 -0.423 1.449  
     CFO W1 CFO W2 0.836 0.075 -0.051 1.723  
Double support phase      
     Shod CFOs without wedge -0.744 0.187 -1.670 0.182  
     Shod CFO W1 -1.327 0.001* -2.205 -0.449  
     Shod CFO W2 -0.310 1.000 -1.212 0.593  
     CFOs without wedge CFO W1 -0.583 0.443 -1.466 0.301  
     CFOs without wedge CFO W2 0.435 0.800 -0.355 1.225  
     CFO W1 CFO W2 1.017 0.005* 0.236 1.799  
Peak Biceps Femoris      
     Shod CFOs without wedge 0.015 1.000 -0.036 0.066  
     Shod CFO W1 -0.003 1.000 -0.065 0.060  
     Shod CFO W2 -0.054 0.139 -0.117 0.009  
     CFOs without wedge CFO W1 -0.017 1.000 -0.076 0.041  
     CFOs without wedge CFO W2 -0.069 0.005* -0.121 -0.016  
     CFO W1 CFO W2 -0.051 0.043* -0.101 -0.001  
Peak Tibialis Anterior      
     Shod CFOs without wedge 0.018 1.000 -0.029 0.065  
     Shod CFO W1 -0.017 0.913 -0.051 0.016  
     Shod CFO W2 0.028 0.795 -0.023 0.080  
     CFOs without wedge CFO W1 -0.035 0.075 -0.072 0.002  
     CFOs without wedge CFO W2 0.011 1.000 -0.040 0.062  
     CFO W1 CFO W2 0.046 0.030* 0.003 0.089  



Figure 1*: CFOs used in the present study: (a) CFOs without orthotic wedge, (b) 869 
CFO W1, (c) CFO W2 870 

     871 

 872 
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 874 

 875 

* Figure 1: Schematic Orthotic Designs 876 
Figure 1a: CFOs without wedges: CFOs without forefoot or rearfoot posting. 877 
Figure 1b: CFO W1 (Root Method): CFOs with forefoot varus post at 60% (max 8°) and rearfoot varus 878 
post at 50% (max 6%) of measured forefoot angle. 879 
Figure 1c: CFO W2 (Monaghan et al. Method): CFOs with forefoot varus post at 50% of measured 880 
forefoot angle; no rearfoot varus post applied due to calculation. 881 
 882 

 883 

Figure 2: Comparison of outcomes illustrating significant differences across 884 
conditions: (a) Comfort score, (b) % Stance phase, (c) % Double support phase, (d) 885 
Peak BF muscle activity, (e) Peak TA muscle activity. 886 
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Figure 3: The muscle activity patterns of BF (a) and TA (b) muscle activity across 891 
the four conditions during the entire stance phase. 892 
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