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Abstract 17 

Background 18 

The bespoke interface between a lower limb residuum and a prosthetic socket is critical for an amputee’s 19 

comfort and overall rehabilitation outcomes. Analysis of interface kinematics and kinetics is important to 20 

gain full understanding of the interface biomechanics, which could aid clinical socket fit, rehabilitation and 21 

amputee care. This pilot study aims to investigate the dynamic correlation between kinematic movement and 22 

kinetic stresses at the interface during walking tests on different terrains. 23 

Methods 24 

One male, knee disarticulation amputee participated in the study. He was asked to walk on both a level 25 

surface and a 5° ramped surface. The movement between the residuum and the socket was evaluated by the 26 

angular and axial couplings, based on the outputs from a 3D motion capture system. The corresponding 27 

kinetic stresses at anterior-proximal (AP), posterior-proximal (PP) and anterior-distal (AD) locations of the 28 

residuum were measured, using individual stress sensors.  29 

Findings 30 

Approximately 8° of angular coupling and up to 32mm of axial coupling were measured when walking on 31 

different terrains. The direction of the angular coupling shows strong correlation with the pressure difference 32 

between the PP and AP sensors. Higher pressure was obtained at the PP location than the AP location during 33 

stance phase, associated with the direction of the angular coupling. A strong correlation between axial 34 

coupling length, L, and longitudinal shear was also evident at the PP and AD locations i.e. the shortening of L 35 

corresponds to the increase of shear in the proximal direction. Although different terrains did not affect these 36 

correlations in principle, interface kinematic and kinetic values suggested that gait changes can induce 37 

modifications to the interface biomechanics. 38 

Clinical relevance 39 

It is envisaged that the reported techniques could be potentially used to provide combined kinematics and 40 

kinetics for the understanding of biomechanics at the residuum/socket interface, which may play an 41 

important role in the clinical assessment of prosthetic component settings, including socket fit quality. 42 

  43 
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1 Introduction 44 

A prosthetic socket is an essential part of any lower limb prosthesis, which is custom-made and provides 45 

attachment between the rest of the prosthesis and the residuum of a lower limb amputee. The critical 46 

interface, formed by the residuum and the socket, is well recognised to play an important role in amputee 47 

comfort, residuum tissue health and overall rehabilitation outcomes [1, 2]. Consequently, the biomechanical 48 

understanding of this interface has attracted significant interest [3]. In the past 60 years, a number of studies 49 

have sought to assess the kinematics and kinetics at this interface.  For example, in order to evaluate the real-50 

time interface kinematics, various imaging techniques involving X-ray [4-6], Dynamic Roentgen 51 

Stereogrammetric Analysis (DRSA) [7], ultrasound technology [8] and non-contact sensors [9], have been 52 

exploited and these have reported up to 57mm of axial coupling [10] and 10° of angular coupling [8] in a gait 53 

cycle (GC). Equally, in order to evaluate the real-time interface kinetics, interface stress sensors such as 54 

strain gauge-based sensors [11-13] and magneto-resistive sensors [14], have been inserted at the 55 

residuum/socket interface and up to 350kPa pressure (i.e. stress acting normal to skin) and 80kPa shear (i.e. 56 

stress acting parallel to the skin) have been  reported during amputee walking tests [14, 15].  57 

Despite all these studies, imaging-based technologies for kinematic evaluation are either not widely available, 58 

expensive or can expose the patients to radiation. This limits their accessibility in a prosthetic clinical setting. 59 

To address this challenge, we have recently developed a new and clinically accessible method to characterise 60 

the 3D dynamic kinematic coupling at the residuum/socket interface using a 3D motion capture dataset [16]. 61 

Preliminary results obtained from walking tests of a trans-femoral amputee suggested up to 11° of angular 62 

coupling in the sagittal plane and 35mm of axial coupling, aligning well with the findings of other studies [8, 63 

17]. For the interface kinetic studies reported to date, most stress sensors reported were only able to measure 64 

pressure, including a few commercial systems e.g. TekscanTM F-Socket system and NovelTM. The few reported 65 

combined pressure and shear sensors were either too bulky, required socket modifications to insert at the 66 

interface [14], or were built on rigid substrates [18, 19], all of which precluded their use at the interface of a 67 

tight fitting socket. We have recently developed a unique thin and flexible sensor, which can be directly 68 

applied at residuum/socket interface to provide combined pressure and shear measurement during 69 

ambulation [20, 21].  70 

It is well known in the field of lower limb biomechanics that, in the case of trans-femoral amputees, the 71 

relative kinematic movement between the femur and the socket determines the forces or stress profiles that 72 

the socket exerts on the residuum, as a function of GC [3, 22]. For example, it has been  suggested  [3, 22]  73 

that the distal femur moves posteriorly for knee stabilisation and results in higher pressures in the posterior-74 
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distal region of the residuum in early stance phase. In late stance phase, in order to initiate knee flexion, the 75 

distal femur presses anteriorly causing higher pressure at the anterior-distal location. Sanders, et al. [9] also 76 

highlighted the importance of correlating the dynamic residuum axial displacement in the socket with the 77 

corresponding interface pressure and shear stresses in order to provide a combined assessment, which is 78 

critical for clinical outcome measures. 79 

Despite the essential association between the kinematic and kinetic information for the evaluation of 80 

interface biomechanics, there is a paucity of studies combining assessments of residuum/socket interface 81 

biomechanics. This is largely due to the lack of effective and clinically applicable means for these assessments.  82 

In the present study, we report kinematic and kinetic biomechanical results at the residuum/socket interface 83 

based on pilot studies, involving a knee-disarticulation amputee. Various tests were conducted, including 84 

walking on level surfaces and ascending and descending ramped surfaces, while 3D motion capture data and 85 

interface stress sensors output were collected simultaneously and subsequently analysed. The aim of this 86 

pilot study was to demonstrate a new method, which is the first of its kind, for capturing the combined 87 

kinematics and kinetics of the residuum/socket interface, and one subject was considered acceptable for 88 

demonstration purposes. Furthermore, the results obtained allowed the authors to explore the best way to 89 

present the data prior to larger studies. 90 

  91 
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2 Methods 92 

2.1 The Participant 93 

One male, right-sided, knee-disarticulation amputee participated in this study (age 29 years, height 178cm 94 

and mass 81kg). The participant had a stable residual limb volume, free from infection and inflammation, 95 

and was capable of conducting repeated, unassisted walking trials. The participant was fitted with a Pelite 96 

liner, a supra-condylar suspension socket, a KX06 polycentric knee and an ElanTM foot (Chas A Blatchford & 97 

Sons Ltd., Basingstoke, UK). A senior prosthetist verified the alignment of the prosthetic components and the 98 

fit of the socket prior to testing. This study was approved by the institutional Ethics and Research 99 

Governance Committee (ID: 12058 and ID: 6008). 100 

2.2 Instrumentation 101 

A gait laboratory was used to acquire the kinematic 3D motion at the residuum/socket interface, as detailed 102 

in previous work [16]. It was equipped with a two camera CODA motion analysis system (Charnwood 103 

Dynamics Ltd., Leicestershire, UK), an 8m level walkway and a 5° inclined walkway, also 8m in length. For 104 

both level and inclined walkways, a force plate (Model 9826BA, Kistler Instrument Ltd., Switzerland) was 105 

integrated and located approximately at the halfway points of each walkway. The motion analysis system 106 

collected the 3D marker data at 200Hz and three ground reaction force (GRF) components from the force 107 

plate at 500Hz. 108 

In order to collect pressure and shear stress at the residuum/socket interface, a previously reported sensor 109 

system was used. Figure 1a illustrates the sensor system which incorporates three sensor units (SU) and a 110 

sensor system controller (SSC). The pressure and shear signals from the SUs are transmitted to the SSC and 111 

subsequently sent to a personal computer (PC) wirelessly via BluetoothTM at 100Hz. A PC software was 112 

developed to collect, visualise and store the corresponding signals. The positive directions of the pressure 113 

(+ve P), circumferential shear (+ve SC) and longitudinal shear stresses (+ve SL) are also illustrated in Figure 114 

1a. Prior to the amputee test, each of the SUs was calibrated as detailed in the authors’ previous publication 115 

[21]. 116 

117 
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 118 

Figure 1: (a) Key components of the interface stress sensor system, incorporating three sensor units (SU) and a sensor 119 
system controller (SSC), which transmits SU outputs wirelessly to a laptop.  The positive directions of the pressure (+ve 120 
P), circumferential shear stress (+ve SC) and longitudinal shear stresses (+ve SL) measured by an SU are shown by the 121 
red arrows. (b) Locations of the three SUs mounted on inner surface of the Pelite liner, corresponding to Anterior-122 
Proximal (AP), Posterior-Proximal (PP) and Anterior-Distal (AD) locations of the residuum. Positive P and S acting at 123 
each location are indicated by red arrows. 124 

 125 

Figure 2: (a) Locations of real markers (shown by green dots) on the prosthetic side of the participant, including the 126 
pelvic frame used for tracking the pelvic motion. Locations of virtual markers (shown as red circles), including 127 
digitised markers and calculated markers. (b) An illustration of the residuum/socket interface coupling model and the 128 
corresponding angular and axial coupling derived from the model. The definitions of the VRS local co-ordinate system 129 
(XVRS, YVRS and ZVRS) and the SS local co-ordinate system (XSS, YSS and ZSS) are also indicated. 130 

 131 
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2.3 Protocols 132 

Upon arrival, the participant was asked to doff the prosthetic socket and change into Lycra shorts. A total of 133 

28 markers (Figure 2a) were then placed on both the prosthetic leg and the contralateral limb, by the 134 

investigator. Three SUs were then attached to the inner surface of the Pelite liner, by a senior prosthetist 135 

(Figure 1b). Subsequently, the amputee donned the socket and he was asked to walk on the level walkway, 136 

and then on the 5° descending and a 5o ascending walkway. Cadence was controlled by a metronome set at 137 

100 beats per minute. For the tests carried out on each of the terrains, data were collected from 12 repeated 138 

trials with at least seven steps in each of the trials. 139 

2.3.1 Marker Placement and Digitisation 140 

The real marker placement and virtual marker tracking were based on the conventional six degree-of-141 

freedom model. A frame consisting of six markers (marked as 1-6 in Figure 2a) was worn around the pelvis, 142 

tracking the pelvic movement. On the prosthetic side, a cluster of four markers (marked as Soc.0-Soc.3 in 143 

Figure 2a) was taped to the socket wall and was subsequently used to track the socket movement. Similarly, a 144 

cluster of four markers was mounted on the lateral-distal location of the prosthetic knee and was 145 

subsequently used to track the shank movement (marked as Shank 0-3 in Figure 2a). Three markers were 146 

attached to the shoe at locations equivalent to the heel, the fifth metatarsal and the hallux. 147 

Virtual markers were digitised (Figure 2a) and estimated based on the location of the real marker placement. 148 

A pelvic model was defined using the digitised Anterior Superior Iliac Spine and Posterior Superior Iliac 149 

Spine landmarks and tracked in relation to the pelvic frame, during dynamic motion capture. The hip joint 150 

centres (HJC) were subsequently defined in relation to the pelvis [23, 24]. The lateral (LKP) and medial 151 

(MKP) ends of the prosthetic knee pivot were digitised on the prosthetic knee. The LKP and MKP virtual 152 

markers were tracked by using the socket cluster as the reference during dynamic motion capture. The 153 

location of the prosthetic knee pivot centre (KPC) was subsequently defined as the midpoint between these 154 

virtual markers.  155 

2.3.2 Interfacial Sensor Placement 156 

In order to measure the interfacial stresses at the residuum/socket interface, three SUs were placed at the 157 

anterior-proximal (AP), posterior-proximal (PP) and anterior-distal (AD) locations of the inner surface of the 158 

Pelite liner (Figure 1b), by a senior prosthetist. Based on the participant’s feedback, these locations were 159 

considered to be the key load bearing areas. The three SUs were then connected to the SSC in order to 160 

produce simultaneous signals. Prior to the walking tests, all signals from each of the three SUs, with the 161 

socket doffed and in an unloaded state, were recorded to form baseline zero values. 162 
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2.4 Data Collection and Analysis 163 

During each test, all real and virtual marker data, together with the three components of the GRF data, were 164 

recorded by the gait analysis system. The outputs of P, SL and SC from all SUs were also collected, 165 

simultaneously. 166 

Data from clean trials were extracted for further analysis. These were defined as trials in which all key 167 

markers were visible to the CODA cameras and there was a complete single foot contact with the force plate. 168 

The data from the gait analysis system and sensors output were synchronised. This was implemented 169 

through a pulse issued by the motion capture system to the sensor system at the start of each trial, which 170 

triggered data acquisition of the sensor system instantaneously. The measured P, SL, SC from the SUs located 171 

at the AP, PP and AD locations were normalised by adopting the GCs and the detected gait events from the 172 

motion analysis system output. 173 

2.4.1 GRF 174 

Three components of GRF in the vertical (Fz), anterior-posterior (Fx) and medial-lateral (Fy) directions were 175 

recorded. In particular, +ve Fz represents the upwards direction, +ve Fx the anterior direction and +ve Fy the 176 

medial direction. The GRFs were used to determine the GC, as well as the gait events during stance phase i.e. 177 

initial contact (IC) and toe-off (TO). GRF values were compared for tests across different terrains and were 178 

also exploited to facilitate the discussion of the load transfer from the ground to the residuum/socket 179 

interface. Mean and one standard deviation (SD) values of GRF were calculated from the selected clean trials.  180 

2.4.2 Residuum/Socket Interface Kinematics 181 

The interface kinematics were analysed based on marker data, as detailed in previous work [16]. To review 182 

briefly, Figure 2b shows the definition of Virtual Residuum Segment (VRS) by linking the KPC and HJC, as 183 

well as the Socket Segment (SS) by linking KPC and one of the markers on the socket cluster. The local co-184 

ordinate system was constructed to indicate the orientations of the VRS and SS, respectively. The VRS co-185 

ordinate system has an origin at KPC and consists of XVRS, YVRS and ZVRS axes. ZVRS represents the vector 186 

connecting KPC and HJC (Figure 2b). YVRS is perpendicular to ZVRS, lying in the plane formed by HJC, LKP 187 

and MKP, pointing in the lateral direction. XVRS is normal to the plane and points in the anterior direction. 188 

The SS co-ordinate system has an origin at Soc.1 and consists of XSS, YSS and ZSS axes. ZSS represents the 189 

vector connecting Soc.1 to Soc.0, pointing in the proximal direction. XSS represents the vector connecting 190 

Soc.1 to Soc.2, pointing in the anterior direction. YSS is normal to the plane formed by XSS and ZSS axes and 191 

points in the lateral direction.  Subsequently,  the dynamic angular couplings between VRS and SS in sagittal 192 

(α), coronal (β) and transverse planes (γ), during a GC, were characterised by calculating the Carden angle 193 
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between the VRS and SS, using their local co-ordinate systems [25]. According to the right hand rule, Figure 194 

2b shows that +ve α, +ve β indicate the VRS rotation towards the posterior and medial regions of the socket, 195 

respectively, while +ve γ is defined as the VRS internal rotation relative to socket. 196 

The dynamic axial coupling (L in Figure 2b) was assessed by calculating the real time length between KPC 197 

and HJC. The mean and one SD values for each of the angular and axial couplings, over a GC, were calculated 198 

from all clean trials. 199 

2.4.3 Residuum/Socket Interface Kinetics 200 

The mean and one SD values from all clean trials were calculated. In addition, the temporal P difference at 201 

the PP and AP locations, ∆ , was calculated according to Equation 1 and subsequently normalised by the 202 

values obtained at IC, with a positive value for ∆  indicating a higher P at the PP location. The P difference 203 

(∆ ) was then analysed with respect to angular coupling α, i.e. the VRS movement in sagittal plane, while SL 204 

at the PP location were analysed with respect to the axial coupling L. 205 

∆ = −                                                                                      (1) 206 

  207 
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3 Results 208 

 209 

Figure 3: Mean and one standard deviation (SD) of ground reaction force (GRF) components, obtained during level, 210 
descent and ascent walking, over a gait cycle. (a) Vertical component (+ve Fz is defined as the upward direction), (b) 211 
anterior-posterior component (+ve Fx is defined as the anterior direction) and (c) medial-lateral component (+ve Fy is 212 
defined as the medial direction). 213 

3.1 GRF 214 

The three force components of the GRF, as a function of GC, when walking on different terrains are shown in 215 

Figure 3. Fz shows typical double-hump shaped profiles with mean peak forces of approximately 840N, 837N 216 

and 814N in early stance phase (10-20% of GC), and 814N, 754N and 781N in terminal stance (TS) (40-60% 217 

of GC) during level, descent and ascent walking, respectively (Figure 3a). Regardless of the terrain, the early 218 

stance phase peak and the TS peak in Fz were separated by a mid-stance local minimum, at approximately 219 

the same point in the GC (30%). This also corresponds to the maximum vertical position of the centre of 220 

mass during stance [26]. Therefore, this mid-stance point was chosen as a point of comparison for analysis in 221 

this work. Fx shows mean peak forces of approximately -115N, -145N and -66N in early stance phase, and 222 

+115N, +77N and +169N in the TS during level, descent and ascent walking, respectively (Figure 3b). Fy 223 

shows that mean peak forces of +42N, +40N and +37N during level, descent and ascent walking, respectively 224 

(Figure 3c).  225 

3.2 Residuum/Socket Interface Kinematics 226 

3.2.1 Angular Couplings 227 

Figure 4 illustrates angular coupling in all planes i.e. α, β, γ as a function of GC. As a general trend exhibited 228 

on all terrains, α values of approximately -2° was indicated at IC (Figure 4a). It increase to peak values of 229 

approximately +7°, followed by a decrease in swing phase until finally restoring back to -2° for the next IC. At 230 

mid-stance (about 30% of GC), α reached approximately +1°, +2° and -2° during level, descent and ascent 231 

walking, respectively (Figure 4a). This was equivalent to a change in α of 3°, 4° and 0° compared to IC, 232 

during level, descent and ascent walking, respectively. In addition, a peak α of +7° was observed on all 233 

terrains, occurring during TS.  This was equivalent to a change in α of 6°, 5° and 9° from the mid-stance 234 

point during level, descent and ascent walking, respectively. 235 
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Figure 4b shows angular coupling in the coronal plane (β). At IC, β values were generally at approximately -9° 236 

and gradually reached a negative peak value of approximately -12° at TS. β values were subsequently restored 237 

over the swing phase reaching approximately -8° at the next IC. Up to 4°, 4° and 3° change in β was observed 238 

in stance phase when walking on level, descending and ascending surfaces, respectively. In the transverse 239 

plane (Figure 4c), γ showed up to 1° variation over a gait cycle. 240 

3.2.2 Axial Coupling 241 

Figure 4d illustrates the dynamic axial coupling L over a GC. At IC, L values of approximately 482mm, 242 

481mm and 476mm were evident during level, descent and ascent walking, respectively. From IC to TS, 243 

corresponding values of L deceased to values of approximately 455mm, 449mm and 461mm. Subsequently, L 244 

values increase over the swing phase to be restored to their original values at 100% GC. 245 

3.3 Residuum/Socket Interface Kinetics 246 

Figure 5a-c indicates the P, SC and SL values at the AP location. P values reveal a double-hump profile with 247 

the early stance peak values of approximately 32kPa, 32kPa and 33kPa, and TS peak values of 30kPa, 29kPa 248 

and 36kPa for level, descent and ascent walking, respectively. By contrast, the corresponding values for SC 249 

(Figure 5b) and SL (Figure 5c) were minimal with magnitudes of less than 2kPa across all terrains.   250 

At the PP location, Figure 5d shows a typical double-hump shape for P in stance phase. In particular, a peak 251 

P of approximately 56kPa was obtained in early stance phase for all tests, while at TS, peak P of 53kPa, 50kPa 252 

and 58kPa were obtained for level, descent and ascent walking, respectively. SL also revealed a double-hump 253 

profile during stance phase, with peak positive values in the early stance of 36kPa, 33kPa and 37kPa and at 254 

TS of 30kPa, 26kPa and 33kPa for level, descent and ascent walking, respectively.  It is also noteworthy that 255 

the stresses at the PP location are in general higher than those measured at the AP location. 256 

At the AD location (Figure 5g-i), there was a dramatic change in P and S profiles, particularly at TS. Peak P 257 

values of approximately 70kPa, 55kPa and 50kPa were evident (Figure 5g) during TS for level, descent and 258 

ascent walking, respectively. The peak values for SC were approximately -26kPa, -15kPa and -24kPa (Figure 259 

5h), while lower SL (Figure 5i) peak values of -5kPa were recorded. 260 

3.4 Correlation between the Interface Kinematics and Kinetics  261 

The correlation between angular coupling in sagittal plane and interface stresses was evaluated by calculating 262 

the P differences (Δ ) from P values measured at the PP (Figure 5d) and AP (Figure 5a) locations. The 263 

corresponding Δ  and α values, as a function of the GC, are shown in Figure 6a. Positive values of  ΔP were 264 

obtained during stance for all tests, indicating P at the PP location is always higher than P at the AP location 265 
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during the stance phase. The only -Δ  is evident during late stance during ramp ascent. Up to 11kPa, 12kPa 266 

and 7kPa values for Δ  were obtained during level, descent and ascent walking, respectively. The 267 

corresponding angular coupling in the sagittal plane, α, showed an increase of approximately -9° residuum 268 

rotation toward the posterior region of the socket during the stance phase, which was subsequently restored 269 

to 0° during the swing phase.  270 

The correlation between axial coupling and interface stress measurement was evaluated by combining the 271 

longitudinal shear stresses, SL (Figure 5f) and the corresponding axial coupling, L (Figure 4d) obtained at the 272 

PP location (Figure 6b). During most of the stance phase, positive SL values were recorded, indicating 273 

movement of the residuum towards the distal aspects of the socket, which coincides with the decrease of L 274 

from 482mm at IC to 455mm during TS in the case of level walking. The decrease of L over a GC was 275 

particularly evident during both level walking and ramp descending. 276 

 277 
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 278 

Figure 4: Mean and one standard deviation (SD) of angular coupling in the (a) sagittal plane, α, (b) the coronal plane, 279 
β, (c) the transverse plane, γ, and (d) and axial coupling L as function of GC, during level, descent and ascent walking. 280 
+ve α, +ve β and +ve γ are defined as VRS posterior, lateral, and internal rotation, respectively. 281 
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 282 

Figure 5: Mean and one standard deviation (SD) of pressure P, transverse shear SC, longitudinal shear SL measured 283 
from (a)-(c) the anterior-proximal (AP) location; (d)-(f) the posterior-proximal (PP) location; and (g)-(i) the anterior-284 
distal (AD) location of the interface as function of gait cycle, during level, descent and ascent walking. +ve P is in the 285 
normal direction to the surface of the residuum. +ve SC is circumferential shear in the medial direction (for the anterior 286 
sensors) and to the lateral direction (for the posterior sensor). +ve SL is in the proximal direction. All definitions of +ve 287 
directions are also illustrated in Figure 1b. 288 

 289 

Figure 6: (a) Pressure difference (ΔP, on the left axis) between the PP location and the AP location, and the 290 
corresponding angular coupling (α, on the right axis) as a function of a gait cycle. (b) Longitudinal shear stress (SL, on 291 
the left axis) at the PP location and corresponding axial coupling (L, on the right axis) over a gait cycle.  292 
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4 Discussion 293 

This pilot study represents the first of its kind to present a combined assessment of kinematic and kinetic 294 

measurements at the lower limb residuum/prosthetic socket interface. By utilising 3D motion capture, the 295 

3D relative motion between the residuum and the socket can be evaluated based on a new interface coupling 296 

model. At the same time, the corresponding interface kinetics including dynamic pressure and shear stresses 297 

were measured by using a novel interface stress sensor system. In this pilot study, both techniques were 298 

applied on a single knee-disarticulation amputee, thus minimising the factors associated with variations in 299 

socket fitting on different days, alignment perturbation, prosthetic componentry and the functionality of 300 

each individual amputee. The interface kinematics and kinetics and their dynamic correlation during the GC 301 

were studied based on data collected during amputee walking tests over level, descending and ascending 302 

surfaces, respectively. 303 

4.1 GRF 304 

Typical GRF profiles in all directions were obtained over the GC in Figure 3. In particular, FZ (Figure 3a) 305 

presents double hump-profiles with the mean peak value of 840N in early stance phase and 814N during TS 306 

when walking on level surface, equivalent to the 81kg body weight of the amputee. Furthermore, the GRF 307 

from ramp descent (Figure 3b) shows the greater anterior-posterior braking force Fx (-145N) in early stance 308 

phase (10-20% of GC) when compared to that for level walking (-115N). This may be associated with the need 309 

of a greater braking force to oppose the component of the body weight acting down the slope. By contrast, 310 

GRF results obtained from ramp ascending (Figure 3b) reveals greater propulsive force (+169N) in the 311 

anterior-posterior direction at TS when compared to that from level waking (+77N). This may be associated 312 

with the demands of a greater propulsive force to oppose the component of the body weight acting down the 313 

slope. The positive FY (+37 - +42N) suggests that a medial force was acting on the foot during the stance 314 

phase (Figure 3c).  315 

4.2 Correlation between the Angular Coupling and the Interface Stresses 316 

In the sagittal plane, the kinematic movements and kinetic stresses at the interface were evaluated by 317 

characterising both the angular coupling in the sagittal plane i.e. α (Figure 4a) and the P at the AP and PP 318 

locations, on level, descending and ascending surfaces. For the kinematic coupling, α showed a 1° higher 319 

movement  from IC to mid-stance when walking on descending surface (2°), compared with that on level 320 

walking (1°). This is likely due to the effort required in early stance phase to control the residuum, achieving 321 

foot-flat when descending the ramp. In addition, α showed 4° more movement from mid-stance to TS when 322 

walking on ascending surface (9°) when compared to that during level walking (5°). This may be affected by 323 
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the work produced by the hip in in TS to propel the limb forward to initiate the swing phase. The coupling 324 

seen is mainly a result of the moment applied to the socket as a result of the anterior-posterior component of 325 

GRF. For interface kinetics, during ramp descent, higher P at the PP and AP locations were obtained in early 326 

stance phase, comparing to that at TS. By contrast, when walking on the ascending ramp, higher P at the PP 327 

and AP locations were obtained at TS. 328 

For the tests conducted on all terrains, +ve values for both α and ΔP were obtained during the majority of the 329 

stance phase (Figure 6a).  In particular, the increase of α corresponds to the increase of ΔP in the early stance. 330 

This suggests that, in general, the larger the angular coupling i.e. α values, the higher P at the posterior 331 

region than at the anterior region. Such an effect is illustrated by the corresponding schematic in Figure 6a, 332 

showing the VRS engagement with the posterior region of the socket, while a higher P was obtained at the PP 333 

location compared to that at the AP location. It is well established that  the PP location of the socket provides 334 

a seating interface for the knee-disarticulation amputee, especially during stance phase of the GC, to stabilise 335 

the trunk and the prosthetic knee [3, 22]. This effect was generally observed for all terrains. However, a 336 

greater α was observed during early stance phase when descending the ramp compared with the other two 337 

surfaces. This in principle corresponds to the greater anterior-posterior braking force (Figure 3b) during 338 

ramp decent in early stance phase, which may have resulted in a greater residuum rotation towards the 339 

posterior region of the socket from IC to mid-stance (Figure 4a). Indeed, at the two proximal locations, 340 

higher peak P were measured in early stance phase when compared to those at TS (Figure 5a and Figure 5d). 341 

By contrast, when ascending the ramp, a greater propulsion force was recorded during TS (Figure 3b). This 342 

may explain why the marked increase of α occurred in between mid-stance to TS of the GC. As a result, at the 343 

two proximal locations, higher peak P were measured at TS (Figure 5a and Figure 5d). 344 

In the coronal plane, as indicated by the FY (Figure 3c), during most of the stance phase, a medially directed 345 

force was transmitted and exerted on the prosthesis. This provided a clockwise rotation of the residuum as it 346 

engaged with the medial region of the socket brim as illustrated in Figure 4b. The highest values of the 347 

angular coupling in the coronal plane, i.e. β were obtained during level walking, thus correlating with the 348 

peak magnitude of FY. 349 

Significant changes in stresses were observed at the AD location of the residuum during the TS (Figure 5g - 350 

Figure 5i). This can be explained by the fact that the AD location acted like a kick point, as the amputee tried 351 

to propel the prosthesis forward in preparation for the swing phase. As a result, rotation between the 352 

residuum and socket could occur during this process. Indeed, an SC of up to -26kPa was measured acting 353 
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laterally on the residuum. In a corresponding manner, up to 6° of residuum internal rotation in relation to SS 354 

was determined during TS (Figure 4c).  355 

4.3 Correlation between Axial Coupling and Interface Stresses  356 

It is hypothesised that the change in the axial coupling length, a process often termed ‘pistoning’, could be 357 

associated with the compressive and tensile loads applied to the residuum, as well as the vertical  GRF in 358 

stance phase, which is reflected by its typical double-hump shaped profile (Figure 3a). Longitudinal shear SL 359 

is directly linked to this ‘pistoning’ effect and, thus, a similar double-hump profile was also observed at the 360 

PP location of the residuum (Figure 5f). 361 

Figure 6b shows that, from approximately 0-20% of the GC, L shortened and the SL at the PP location 362 

increased. As gait progresses to mid-stance, both the L and the SL stabilise to form a plateau-like region.  L 363 

further shortens after mid-stance phase with a subsequent increase in the SL at the PP location. At TS, both 364 

the L and the SL started to recover. Limited SL at the PP location was recorded during swing phase, although 365 

the recovery of L was evident. This may be a direct result of bony movement inside the residuum, with 366 

minimal resulting shear transmitted between the socket and the residuum. When walking on different 367 

terrains, highest peak values of SL were obtained during the ramp ascent, followed by the values measured 368 

during level walking and ramp descent. However, the largest axial coupling was evident during ramp descent. 369 

This is likely a result of load dependent non-linear friction behaviour, namely, the presence of slippage at the 370 

residuum/socket interface. 371 

4.4 Clinical Relevance 372 

In this study, techniques for assessing socket interface biomechanics were demonstrated in relation to 373 

walking on both level and ramped surfaces. The combined assessment of the kinematics and kinetics at 374 

residuum/socket interface can potentially be used to evaluate the effects of a range of clinical interventions 375 

on the residuum/socket interface biomechanics, such as the setting up of hydraulic ankle resistance and 376 

different socket technologies. This approach could potentially be adopted in the design of adaptive sockets, 377 

based on the socket movement in relation to the residuum and the corresponding interface stresses. Also, 378 

prothetists could adopt the approach to assist socket fitting based on the kinematic and kinetic 379 

measurements.  380 

  381 
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5 Conclusion 382 

This paper presents a combined biomechanical assessment at residuum/socket interface using the kinematic 383 

and kinetic measurements based on two separate bioengineering techniques. Preliminary results suggest an 384 

association between the residuum movement, characterised by angular and axial coupling, and the pressure 385 

and shear stresses exerted at the residuum/socket interface. It is envisaged that such techniques could be 386 

potentially used to understand the biomechanical loading mechanisms at the residuum/socket interface, as 387 

well as to assist in the design and evaluation of a patient-specific prosthesis.  388 
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