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ABSTRACT 

FACULTY OF ENGINEERING AND THE ENVIRONMENT 
Materials and Surface Engineering 

Doctor of Philosophy 

BIOMECHANICAL ANALYSIS OF THE LOWER LIMB AMPUTEE SOCKET INTERFACE 

The lower limb prosthetic socket provides a critical interface, which transfers loads between the 

ground and the residuum. Many amputees report issues related to residuum pain primarily induced 

by poor socket fit, leading to unsatisfactory rehabilitation outcomes. From a scientific perspective, 

residuum and socket have been treated as a rigid body. Effective methods, which could provide 

quantitative measurements of multi-directional loads (i.e. the kinetics) and relative motion (i.e. 

kinematics) at the residuum/socket interface, are not currently available. The in-situ measurement 

of kinematic and kinetic parameters and indeed their correlations during amputee walking would 

help to obtain a comprehensive understanding of the biomechanics at the critical residuum/socket 

interface. 

In this thesis, means of assessing residuum/socket interface mechanics has been developed, 

incorporating the kinematics and kinetics, to comprehend the interface biomechanics. A novel 

kinematic model was developed to evaluate the interface kinematics based on a 3D motion capture 

system. The model was applied on both knee disarticulation and trans-tibial participants. 

Repeatable interface kinematic waveforms (coefficient of multiple correlation of up to 0.988) were 

obtained on level walking studies over a 2-year period. The model is highly sensitive to walking 

speed, terrain and prosthetic components. For example, a 21% of increase in walking speed led to 

an increase in angular and axial displacements of approximately 23% and 6%, respectively. In 

addition, a novel tri-axial pressure and shear (TRIPS) sensor system, capable of measuring both 

dynamic pressure and shear stresses, was used to evaluate the interface kinetics as a function of 

gait cycle (GC). The multi-directional stresses obtained from key loading bearing locations of the 

residuum suggested that the interface loading is dependent on walking speed, terrain, prosthetic 

components and socket suspension system. For example, changes to the latter by the removal of 

one sock resulted in a reduction of the stresses at the proximal location of approximately 30% and 

an increase of stresses at the distal location of the residuum of up to 28%. Subsequently, the 

combination of the novel kinematic model and the body interface sensor system was applied to 

study their correlation, providing a first-of-its-kind approach which shed light on the in-situ interface 

biomechanics. The method for assessing socket interface mechanics established here therefore 

provides a stepping stone to quantitatively assist in the socket fitting process and the monitoring of 

residuum tissue health. 

By Jinghua Tang 
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Chapter 1 Introduction 

1.1 Motivation 

For lower limb amputees, a well-fitting prosthetic socket plays an important role in 

rehabilitation outcome. It serves the medium through which the residuum is connected to the 

rest of the prosthesis. 

Prosthetic socket designs and fitting are primarily based on the subjective evaluations of stump 

movement inside the socket and the corresponding stress profiles [1-3], during ambulation. 

Sockets made by different prosthetists can thus vary significantly due to different levels of 

clinical experience of the prosthetist, and/or different amputee/prosthetists relationships. 

There is also a lack of objective measures to assess quality of socket fit. Physiologically, the 

volume of the lower limb residuum can vary considerably as a function of physical activities, 

weight fluctuations and/or comorbidities. Thus, socket fit is only based on a snapshot of the 

stump shape and volume in the clinic. In addition, there is no self-monitoring system that 

amputees could use to assess socket fit during their daily living activities. Consequently, a 

poorly fitted socket can result in discomfort, pain, tissue damage leading, in severe cases, to a 

higher level amputation. All these issues may well lead to the rejection of the prosthesis, 

affecting the individual’s quality of lives. Addressing the issues relies heavily on the 

measurements to analyse the biomechanical state of the residuum/socket interface. This 

includes the measurement of both dynamic loads and movements. 

From a scientific perspective, the dynamic residuum movement inside the socket and the multi-

directional interface loads could provide guidance to the bioengineers to predict the tissue 

viability at the stump, under complex loading conditions [4]. An outcome of the examination of 

the stump tissues could then be implemented into the daily life monitoring, thus further 

improving the socket comfort and amputee satisfaction. In addition, the interface 

biomechanics, combined with a conventional lower limb musculoskeletal model, the gait 

analysis protocol for a lower limb amputee can be improved [5]. 

From the prosthetic industry perspective, the understanding of the interface biomechanics 

could influence the assessment standards of the lower limb prosthetics as a whole, for example 

ISO 10328 where socket interface is treated as a rigid body [6]. By incorporating translational 

and rotational mechanics at the socket interface, assessment of the prosthetic componentry 

can be conducted in a more realistic condition. In addition, biomechanical measures at the 

interface could also be used as inputs to existing prosthesis design, leading to a fully body-

machine integrated prosthesis. 
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Recognising the need to evaluate the interface kinematics, various imaging techniques, such as 

X-ray and Dynamic Roentgen Stereogrammetric Analysis have been exploited. The overall 

findings suggested that up to 57mm of stump axial movement [7] and 10° of stump angular 

movement [8] can be observed. Equally, in order to evaluate the interface kinetics, a range of 

interface stress sensors, such as strain gauge-based sensors and magneto-resistive sensors, 

have been inserted into the residuum/socket interface to be used in walking tests. The resulting 

pressure and shear values of up to 350kPa and 80kPa, respectively, were recorded during 

amputee walking [9, 10]. 

Despite all these studies, the imaging-based technologies for kinematic evaluation is only 

applicable in laboratory settings for research purposes. They also require large (1.9m x 1.2m x 

2.3m) and expensive facilities (up to 250,000 euros) with the risk of exposing amputees to 

ionising radiation. Thus, they are not suitable to use at prosthetic clinics. For assessing interface 

kinetics, most stress sensors reported to-date were only sensitive to measure pressure, 

including a few commercial systems such as TekscanTM F-Socket System and Novel Pliance 

System. Other reported sensors, which can measure combined pressure and shear, require 

permanent socket modifications (i.e. drilling holes), or are bulky and constructed on rigid 

substrates, which are not appropriate for clinical use at a tight socket interface. There is thus 

an unmet need to develop clinically accessible approaches to evaluate dynamics residuum 

movement in the socket and the corresponding interface loading profile during amputee 

walking. 

This thesis aims to address these challenges by developing a dynamic interface coupling model 

for the interface kinematics and applying TRIPS sensors for measuring and analysing interface 

kinetics. These novel interface kinematic and kinetic techniques can then be potentially 

combined to form a biomechanical assessment platform for lower limb amputees. It is 

predicted that such an assessment platform could enhance the understanding of the socket 

interface biomechanics and therefore could be potentially used to aid the socket design, fitting, 

daily life fit monitoring, in-depth scientific research and prosthetic componentry design and 

assessment. 
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1.2 Aim and objectives 

Aim of the thesis 

The aim of this thesis is to develop a comprehensive biomechanical assessment at 

residuum/socket interface. This includes the development of a 3D motion capturing method to 

evaluate residuum movement (kinematics) in the socket and application of the TRIPS sensor 

system to assess the mechanical interaction (kinetics). Further analysis is enabled by 

preliminary work using combined kinematic and kinetic approaches, with a view to obtain initial 

understanding of their biomechanical relationships.  

 Objectives of the thesis 

To achieve this aim, four primary objectives are included: 

 Objective 1: To investigate human joint biomechanics of both able-bodied participants and 

lower limb amputees, highlighting the effects of residuum/socket interface on gait profiles.  

 Objective 2: To develop a 3D motion capturing-based technique to evaluate relative stump 

motion in the socket. The repeatability and sensitivity of the technique will be assessed to 

evaluate its clinical applicability. 

 Objective 3: To assess multi-directional stresses at the key locations of a stump. The 

sensitivity of the developed sensor system and stress profiles as a function of walking speed, 

terrains and prosthetic components will also be assessed. 

 Objective 4: To assess the interface biomechanics by combining the relative motions and 

multi-directional stresses.  
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1.3 Overview of research activities and chapters 

To meet the aim and the objectives of the project, a range of research activities have been 

formulated, as all chapters are outlined in Figure 1.1. 

 

Figure 1.1: Chapter overview 

The key results have been published in two peer-reviewed journals and presented at eight 

national and international conferences. Two prizes were awarded at national and international 

conferences. An overview of each individual chapters are described below: 

Chapter 1: This chapter describes the motivation for assessing the mechanics at the 

residuum/socket interface, including the kinematics and kinetics. 

Chapter 2: This chapter reviews both assessment techniques and biomechanical results of the 

3D motion and the stresses at residuum/socket interface. It highlights the need to develop 

clinical-friendly techniques for assessing the biomechanics at socket interface. 

Chapter 3: This chapter describes the two key experimental facilities that have been employed 

in the project. A 3D motion capture system to evaluate the residuum motion and a sensor 

system to measure the stresses at socket interface.  

Chapter 4: This chapter focuses on the understanding of the human lower limb joint 

biomechanics. The joint biomechanics obtained on lower limb amputee highlights the need and 

can be used to study of the biomechanics at socket interface. 

Chapter 5: This chapter describes the development of a technique to evaluate the 3D motion 

at the socket interface. The repeatability and the sensitivity of the technique is evaluated based 

on amputee case studies.  
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Part of the content in this Chapter was published as an article on a peer-reviewed journal (Tang 

J, McGrath M, Laszczak P, Jiang L, Bader D, Moser D, et al. Characterisation of dynamic couplings 

at lower limb residuum/socket interface using 3D motion capture. Med Eng Phys. 2015; 

37:1162-8.). 

Chapter 6: This chapter describes the use of the TRIPS sensor system to evaluate the loading at 

socket interface. The repeatability and the sensitivity of the technique is evaluated based on 

amputee case studies. The interface biomechanics is assessed using the 3D motion (Chapter 5) 

and stresses (Chapter 6) obtained at the socket interface.  

Part of the content in this Chapter was published as an article on a peer-reviewed journal (Tang 

J, McGrath M, Hale N, Jiang L, Bader D, Laszczak P, Moser D, et al. A combined kinematic and 

kinetic analysis at the residuum/socket interface of a knee-disarticulation amputee. Med Eng 

Phys. 2017; 49:131-9. 

Chapter 7: This chapter summarises the work carried out and highlights its contributions to the 

field of prosthetics. Additionally, it describes the limitation of the research and identifies the 

pathways for the future work. 
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Chapter 2 Literature review 

2.1 Lower limb amputation and prosthetics 

2.1.1 Lower limb amputation 

It is estimated [11-13] that the current worldwide amputee population is approximately 15 

million or 0.2% of the world population. It is also forecasted that the amputee population will 

increase by 47% from 1995 to 2020. In the UK, there are approximately 63,500 lower limb 

amputees [11] and 83% of these are unilateral lower limb amputees [12]. 

An amputation, sometimes considered to represent a failure of management by hospital 

professionals, is actually a significant step in recovery or rehabilitation for a patient whose 

upper/lower limb cannot be salvaged by other medical treatment/therapy [13]. There are four 

most common reasons for performing an amputation procedure, namely, gangrenous tissue 

from disease associated with diabetic foot ulcer, cancer, trauma, such as occurs in war 

scenarios and congenital malfunction. The relative proportions of these occurrences are shown 

in Figure 2.1a. 

 

Figure 2.1: (a) Common cause of amputation [14] worldwide and (b) a schematic showing the levels of amputation. 

Figure 2.1b indicates the common levels of amputation and its prevalence according to the 

World Health Organization [14]. The majority of amputation procedures were performed on 

the lower limb with 47% trans-tibial, 31% trans-femoral, and 22% other levels of amputation. 

Overall, lower limb amputation accounts for nearly 80% of the amputees worldwide.  

Several common surgical techniques are commonly adopted for the amputation below the 

knee, including the long posterior flap technique [15] (Figure 2.2a) and skew flap technique [16] 

(Figure 2.2b). The former technique is well known for preserving blood supply to the soft tissue 

in the lower leg during loading [15]. In addition, the skew flap technique is based on the 

thermographic mapping of the lower limb. A higher temperature region is often recorded at 

anterior-medial and posterior-posterior lateral regions, suggesting an improved circulation and 

nutrition of the soft tissue [17].  
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During an amputation surgery, retaining the maximum amount of functioning muscle 

(gastrocnemius and soleus) is one of the key criteria for ensuring muscle strength, shape and 

blood circulation. In addtion, the stabilisation of the muscle is also the key to retain the muscle 

fucntion. Historically, there are three common techniques to achieve this, namely, myofascial 

closure, myoplasty and myodesis. Myofascial closure encases the remaining mucle using the 

outer fascial envelop, which proves not to be effective and only recommended for people with 

severe ischemea. Myoplasty approach involves the attachment of the muscle over the end of 

the bone and sew them to opposing muscle group. It is known that unless the muscles are 

firmly attached the scar tissue, they muscle tend to slide back and forth against the distal end 

of the bone. This may induce brusal tissue and discomfort. It is therefore often recommended 

that muscle groups should be directly attached to the bone, namely myodesis.   

 

Figure 2.2: Schematics showing the (a) long posterior flap technique and (b) skew flap technique. 

The length of residuum varies, depending on the cause of the amputation and the surgical 

technique. It is reported that a short residuum (less than 10cm) is likely to heal quicker with a 

reduction in re-amputation rate than a long residuum (greater than 10cm) [18]. In addition, 

amputees who have longer residuum (approximately 19.3cm) appears to have a greater 

postural stability, comparing to the ones with shorter residuum (approximately 9.2cm) [19]. 

Further, a greater walking speed and reduction in energy consumption were evident on 

amputees with longer residuum length, comparing to the ones with shorter ones [20].  

2.1.2 Lower limb prosthesis and rehabilitation 

From surgery to rehabilitation 

A suitable rehabilitation process is often prescribed to patients after amputation surgeries as it 

is critical to the subsequent quality of life. The patient will be subjected to wound healing 

(Phase 1), mostly involving pain control. In particular, Phase 2 or the pre-prosthetic phase 

involves the process of residual limb shaping from an initial cylindrical shape (post-operative) 
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to a more conical shape. During this period, studies have shown that a reduction in residual 

limb volume of up to 9.7%, equivalent to up to 200mL of tissue [21]. Muscle strength will likely 

increase coincident with an increase in activity during this phase of rehabilitation. Phase 3 

involves the prosthetic prescription and fabrication. It is worth noting that the changes in shape 

and volume of the residual limb affect the quality of socket fit. Intensive rehabilitation training 

with the patient is conducted by an increase in wearing time and familiarisation with the 

functions of the prosthesis. Lastly, the wearing of the prosthesis is a life-long challenge which 

requires constant adjustments, which are performed in clinics by prosthetists.   

Lower limb prosthesis 

A common lower limb prosthesis typically consists of a socket, liner, knee (for trans-femoral 

amputee only), shin tube, an ankle-foot device as shown in Figure 2.3. The socket is bespoke 

for each individual, and attaches tightly to the residual limb which itself is often draped a 

prosthetic liner. 

 

Figure 2.3: Typical prosthesis used on trans-tibial amputee (left) and trans-femoral amputee (right). 

A prosthetic knee and foot are used to replace the natural knee and foot. For trans-tibial 

amputees, normally a pylon is rigidly connected to the socket which acts to accommodate the 

loss of the shank length. A prosthetic foot/ankle unit will then be fixed to the distal end of the 

pylon, using a bolted connection. For trans-femoral amputees, a prosthetic knee will be used 

to provide articulation, mimicking the biomechanical function of the biological knee joint. 

Common types of prosthetic knee or limb systems are illustrated in Table 2.1. A successful 

prosthetic knee ensures a loading symmetry between the prosthetic side and the intact side 

[22-24], therefore reducing the chance of developing joint arthritis due to excessive loading on 

the non-affected limb. At the same time, limb safety and comfort, which is associated with knee 
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flexion/extension motion, needs to be maintained when walking on different terrains [25-27]. 

In most of the reported studies, gait analysis have been used as a technique to evaluate the 

performance of the prosthetic knees [28-30]. Biomechanical parameters, such as joint angles, 

joint moment and work done have been commonly used to quantify the performance of the 

prosthetic knee. However, the socket comfort as a function of the different types of prosthetic 

knee is not well understood due to the lack of measurement tools at the residuum/socket 

interface. 

Table 2.1: Summary of three common types of prosthetic knees. 

Knee Type Description Examples 

 

Mechanical Polycentric knee with swing 

and stance knee flexion & 

extension control. Flexion and 

extension resistance can be 

tuned manually.  

KX06 knee* 

 

Pheon Knee** 

 

Total Knee 2100*** 

MPK Adjustment of knee flexion and 

extension resistance, 

depending on walking speed, 

change of terrain and different 

phase of GC. 
 

Orion 3 knee* 

 

C-leg** 

 

Rheo Knee*** 

*Products from Chas A Blatchford & Sons Ltd.: http://www.blatchford.co.uk/ 

** Products from OttoBock: https://professionals.ottobockus.com 

***Products from Ossur: https://www.ossur.co.uk/ 

Table 2.2 illustrate the different types of the prosthetic foot/ankle units, all of which play a key 

role during ambulation of an amputee. In particular, it assists in the smooth advancement of 

the prosthesis (tibial advancement in a biological shank), providing comfort and stability in 

stance, and ensuring shock absorption during loading [31]. The correct choice of a prosthetic 

foot is critical, and may affect key characteristics of the patient's gait, such as cadence, velocity 

and stride length [32], hence enhancing the entire biomechanical response of the prosthesis. 

It is worth noting that for MPF, the hydraulic ankle resistance can be dynamically tuned, which 

may affect the load transfer from the foot to the residuum/socket interface. Here, load transfer 

is defined as the flow of loads from the ground interface, via the prosthetic feet, thought the 

pylon to the prosthetic knee and finally reached the socket interface. To date, the advantage 

of using MPF has been illustrated by the resulting improvement in gait performance [33-36], 

involving smoother progression of centre of pressure, increased toe clearance and greater 

http://www.blatchford.co.uk/
https://professionals.ottobockus.com/
https://www.ossur.co.uk/
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prosthetic ankle work. However, no clinical evidence has been reported to illustrate the 

advantage of the MPF for the health of the residuum. This could be an important outcome 

measure, which affects the overall governmental funding on prosthetic devices. 

Table 2.2: Summary of three common types of prosthetic foot. 

Foot Type Description Examples 

SACH foot No ankle joint movement 

   

Energy storing No ankle joint movement. Use 

of heel and toe spring to store 

energy in early stance and 

release energy in late stance 
 

Eprit Foot* 

 

Triton Foot** 

 

Flex-foot*** 

Hydraulic On top of the energy-storing 

feature, hydraulic ankle allows 

ankle dorsi/plantar-flexion 

movement. 
Echelon Foot* 

 

 

K2 Sensation*** 

Microprocessor controlled 

foot (MPF) 

Adaption of the ankle 

dorsi/plantar-flexion.  

Elan Foot* 

 

Meridium Foot** 

 

Proprio Foot*** 

*Products from Chas A Blatchford & Sons Ltd.: http://www.blatchford.co.uk/ 

** Products from OttoBock: https://professionals.ottobockus.com 

***Products from Ossur: https://www.ossur.co.uk/ 

Apart from prosthetic foot, an axial and torsional shock absorber can also be attached to the 

prosthetic foot and can be used to reduce the shock and shear forces caused by vertical and 

twisting motion, affecting the load transfer to the residuum/socket interface.  

2.1.3 Prosthetic socket design and fitting 

The prosthetic socket connects the residuum to the rest of the prosthesis and fulfils an 

important function, namely, to ensure both optimum adhesion and the proper fit of the 

prosthesis. Although there are different types of sockets, most design concepts are based on 

the management of load distribution over the residuum and movement of the residuum within 

the socket [2, 3].  

Trans-tibial sockets 

Common trans-tibial sockets involve PTB, TSB and the hydrostatic designs. One of the key 

criteria for trans-tibial socket design is the selection of loading bearing and load-relieving 

http://www.blatchford.co.uk/
https://professionals.ottobockus.com/
https://www.ossur.co.uk/
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locations. As illustrated in Figure 2.4a and b, for a trans-tibial amputee, the patellar tendon 

ligament, anterior compartment, medial flare of the tibia, distal end, shaft of the fibula and 

popliteal fossa are the key load tolerant locations [37]. Of these, the patellar tendon ligament 

area is often selected as the key location to distribute load, as it is composed of relatively 

inextensible collagenous fibres, which stretch minimally under normal tensile loads along their 

axial direction. This arrangement is particularly suited to bearing anterior-posterior 

compressive loads [38]. 

 

Figure 2.4: Load tolerance regions on trans-tibial residuum, (a) anterior view and (b) posterior view; load sensitive 
region on trans-tibial residuum, (a) anterior view and (b) posterior view 

The common load sensitive regions, as identified in Figure 2.4c and d, include the fibula head, 

tibial crest, peroneal nerve, distal cut of the fibula and the lateral tibial condyle. When designing 

load bearing features for trans-tibial sockets, these areas must be avoided.  

The PTB socket (Figure 2.5a), was designed to bear body weight primarily on the patella tendon 

region of the residuum [39]. In the TSB socket design, weight is distributed over the entire 

surface of the residuum, as shown in Figure 2.5b, as opposed to specific regions. In recent years, 

moderate load bearing over the patella tendon bar on a TSB socket has been introduced to 

distribute some load at the patella tendon bar, thereby relieving load in more sensitive areas.  
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Figure 2.5: Schematics showing (a) a conventional PTB socket and (b) a TSB socket. 

A hydrostatic socket [40] represents a special case of total surface bearing socket as the weight 

is also distributed over the residuum. The rationale for this design is based on Pascal’s law. The 

magnitude of uniform pressure based on the well-established Reswick and Rogers’ curve [41], 

which defines the relationship between tissue tolerance threshold and time of continuous 

loading. 

To date, there is still debate when selecting the type of trans-tibial socket at the fitting stage. 

When fabricating a PTB socket, there is lack of guidance on the magnitude and duration of load 

that should be borne on the patella tendon region. This is primarily due to the lack of tissue 

viability data to guide the fitting process.  When fabricating a non-PTB socket, as the tissue 

composition and its biomechanics vary between amputees, the exact load threshold that 

should be uniformly distributed over the stump is difficult to determine. In addition, due to the 

change in socket fit during the course of the day, the load distribution profile, designed at the 

socket fabrication stage, may no longer be appropriate. Therefore, an interface load monitoring 

system, together with the knowledge on the tissue viability are needed to guide the socket 

fabrication for the prosthetist and for self socket fit adjustments during daily activities. 

Trans-femoral socket 

The first trans-femoral socket was made of aluminium with a rounded plug shape, or the plug 

socket. However, the ischial tuberosity tends to drift up and down in the socket, due to 

fluctuations in the residuum volume [42]. Accordingly, the key design consideration for a trans-

femoral socket is the stabilisation of the soft tissues inside the socket. This requires a 

quantification of soft tissue movement inside the socket to assess socket design and 

performance. Currently, common trans-femoral sockets include Quadrilateral (QUAD), 

Contoured Adducted Trochanteric-Controlled Alignment Method (CAT-CAM) and High-Fidelity 

(Hi-Fi) designs. 
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The QUAD socket (Figure 5a) was developed by Radcliffe and colleagues [2, 43, 44]. Its design 

was based on the conceptualised pressure, created between the socket interface and the 

movement of femur within the stump, as shown in Figure 2.6. It is also worth noting that the 

ischium is not contained in the socket, as shown in Figure 2.7a. 

 

Figure 2.6: Radcliffe's conceptualised socket interface pressure and residual femur movement with the stump. 
Image adapted from [44]. 

The QUAD socket offered a major improvement in functionality over the earlier plug socket, 

although abduction of the femur was observed in over 90% of its users. This would lead to an 

instability in walking, which could be caused by the shape of the socket (wide in the medial-

lateral dimension and tight in the anterior-posterior dimension). The lateral socket wall was 

designed to be located at least 25mm away from the femur and when the femur exerts loads 

against the lateral wall during weight bearing, the QUAD socket can move laterally without any 

resistance. Reconsideration of the QUAD socket design was initiated by Long [45]. 

 

Figure 2.7: (a) An illustration of QUAD socket, (b) an illustration of CAT-CAM socket and (c) cross-section view at  

A CAT - CAM socket, is one type of the ischial containment socket developed by Sabolich [46], 

as shown in Figure 2.7b. It is designed to be narrower in the medial-lateral dimension compared 

with the quadrilateral sockets as shown in Figure 2.7c , such that it fits intimately with the ischial 

ramus, thus ‘locking’ onto the pelvis, and encapsulating the ischial tuberosity. In addition, the 
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anterior-posterior brim dimension at the proximal region was reduced compared with the 

QAUD socket design, to relieve the pressures at both anterior and posterior proximal regions 

of the residuum. 

The concept of the Hi-Fi socket design, as shown in Figure 2.8a, involves depressions added 

onto the socket walls in the anterior, posterior, medial and lateral regions with open release 

areas between these features to receive the displaced tissue [47]. The theory behind this design 

involves ‘grabbing’ the femur mechanically using the four depression features built on the 

socket [47]. The femoral motion relative to the residuum tissue was restricted, improving the 

spatial awareness and proprioception of the limb. However, as mentioned by the developers 

of the Hi-Fi socket, the amount of tissue that need to be depressed or released has not been 

quantified with respect to its tolerance to withstand local pressures and shear forces. 

 

 

Figure 2.8: (a) The concept of HI-FI socket design and (b) illustrations of tissue depression region and tissue 
releasing region 

Socket-fitting in current clinical practice 

The quality of socket fitting directly influences the kinematic and kinetic characteristics at the 

residuum/socket interface. It is thus important to briefly review current fitting practice. In most 

prosthetic clinics, the socket fitting iterative process is performed by a prosthetist. An example 

of a socket fitting flow chart is illustrated in Figure 2.9. However, due to human error and 

complex geometry, differences will exist between prosthetists, as exemplified by one report 

highlighting  a difference of up to a 35mm in stump circumference between two prosthetists  

[48] Residuum shape capturing is often a manual process, involving applying several lays of 

Plaster of Paris over the stump. With the negative cast obtained, a positive cast can be made 

for the subsequent rectification process.  
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The rectification process involves first, the selection of socket type. However, there is no unified 

option on the choice of a socket for a specific amputee. This is largely due to the lack of 

measurement tool. Padding and reduction is performed on the positive cast with a selected 

socket design. The amount of plaster that needs to be added or removed is based on the 

experience of the  prosthetist with no tool to guide them in this process. This is followed by the 

drape of a transparent socket, such that when the stump is donned the colour of the skin can 

be noted by a prosthetist. The skin colour will usually indicate whether the stump is in contact 

with the socket and will also provide an approximation of relative loading at a particular stump 

region. The rectification process is manual and iterative, which requires considerable 

experience, skill and knowledge about socket interface biomechanics. Thus this process is 

predominantly based on the subjective views of the individual prosthetist [49] with some 

feedback from the amputee. Therefore, the experience of the prosthetist will also inform the 

adjustments on the positive cast, repeating the rectification process until the amputee is 

reasonably happy with the fitting. 

 

Figure 2.9: Socket fitting flow chart 

A key to a successful prosthetic limb fitting is the assessment of the socket fit. However, in 

current clinical practice, prosthetists use limited tools or technologies to quantitatively assess 

the socket fit. Patient feedback or satisfaction plays an important role in the socket fitting 
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process. However, for patients with neuropathy, abnormal loads at the socket interface cannot 

be directly translated to pain due to the loss of sensation. Therefore, in this case, patient 

feedback can be unreliable and misleading [50]. Therefore, technologies are required for the 

evaluation of the socket fit to aid the prosthetist. Although prosthetic manufacturers, based on 

their experience, have published their own guidelines for the liner selection and socket fitting 

process, there is still no unified standard that is agreed by prosthetic industry. This is largely 

due to the lack of means to evaluate the socket design, socket fitting process and socket 

fabrication process. In addition, the lack of understanding in tissue damage thresholds under 

multi-directional stresses also play an important role in the socket rectification process.  

2.1.4 Socket interface 

The trans-tibial socket interface is typically formed by a stump, a liner and a socket (Figure 

2.10a). Key bony landmarks, the fibula head, patella tendon bar and cut-end of the tibia, are 

typically covered by a thin layer of skin that has been created at surgery (Figure 2.10a). A liner 

is then typically worn over the stump to aid cushioning and suspension. The stump together 

with the liner will then be donned into a socket. A socket interface is formed as a contact 

interface between the socket and residuum. For a knee disarticulation amputee (Figure 2.10b), 

the socket interface is typically formed by a socket, a Pelite liner and a residuum. Socks are 

often worn as a means to adjust socket fitting.  

 

Figure 2.10: Typical socket interface for a (a) trans-tibial and (b) a knee disarticulation amputee. 

Attachment between residuum and socket 

The mass of a typical trans-femoral prosthetic limb, incorporating a socket, a prosthetic knee, 

a pylon and a prosthetic foot is just under 4kg [51]. When the prosthetic limb is attached to the 
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residuum, in the non-load bearing state, the weight of the prosthesis will be supported by the 

friction at residuum/socket interface. It has been reported that, the extra mass of the 

prosthetic limb could result in a reduction in forward impulses on the body, resulting from 

push-off and deceleration of the swing leg [52]. In addition, the mass of the prosthesis could 

also affect the proprioception and stability of the overall limb.  

Socket attachment directly links to comfort at the interface. The first type of suspension 

technique relied on the features built on the socket. As an example, Supra-Condylar (SC) [53] 

and Supra-Condylar Supra-Patellar (SCSP) [54] features were built on PTB socket. The SC feature 

(Figure 2.11a) suspends the prosthesis on the residuum by extending the socket brim above 

the medial femoral condyle. Furthermore, an SCSP feature (Figure 2.11b) has an anterior trim 

line proximal to the patella, which enhances the stability in the sagittal plane. 

 

Figure 2.11: (a) PTB socket with SC suspension, (b) PTB socket with SCSP suspension (Image taken from: 
https://www.physio-pedia.com/Prosthetics) and (c) pin lock suspension. 

An alternative type of suspension technique is based on the pin lock feature built on the 

prosthetic liner and the socket (Figure 2.11c). A pin projecting from the bottom end of the gel 

(elastomer, urethane or silicone) liner is forced into a locking mechanism at the distal end of 

the socket. As the pin enters the shuttle lock in the socket, the residuum together with the liner 

attaches to the socket. Studies have showed an advantage of the pin lock suspension technique 

in gait performance, in terms of increases in step length, walking speed and knee range of 

motion, leading to  enhanced overall satisfaction rates [55]. 

The third type of technique involves vacuum suspension. A vacuum pump is used to remove air 

molecules from the thin, sealed air space between the socket and the liner. The resulting state 

of vacuum holds the residuum firmly to the socket. Theoretically, the liner, and therefore the 

skin are no longer able to be separated from the socket. This mechanism helps to prevent 

https://www.physio-pedia.com/Prosthetics
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volume loss of the residuum. However, there is still no consensus as to the appropriate vacuum 

level that should be applied to the socket interface [56, 57]. 

Interface compliance 

It is evident that the residuum/socket interface has its own compliance, which will be highly 

dependent on individual factors, such as the nature of the amputation surgery, design of the 

socket, location on the residuum, choice of the liner and suspension technique. The compliance 

of the interface is directly associated with the load transfer to the stump and its relative motion. 

Therefore, a review of the socket interface compliance is provided. The Young’s modulus of 

each of the elements which make up the interface are shown in the schematic (Figure 2.12) 

[58]. It is evident that, depending on the location of the residual limb, the value of tissue 

stiffness is variable. When there is a bony prominence subjacent to the stump soft tissues, 

higher tissue stiffness will be observed resulting in the stump being exposed to higher loads. 

This could potentially lead to stump tissue damage under repetitive and continuous loading. By 

monitoring loads at a bony prominence location, the potential of stump tissue damage could 

be reduced. Several research groups has quantified the tissue stiffness at various locations of 

the residuum. As an example, Sengeh and Herr [59] expressed the stiffness as a function of 

distance between the socket and the bone. This distance varies from 1mm to 50mm on the 

trans-tibial residuum, representing a large variation of stiffness from 10.4kPa to 89.2kPa [60, 

61]. 

 

Figure 2.12: Schematic showing a section view of a trans-tibial residuum/socket interface 

In the vertical direction, the two consecutive layers are constrained by the nature of the 

attachment of the prosthesis to the residual limb. In the horizontal direction, the movement 

between the two consecutive layers are constrained by friction. Upon application of a normal 

force, the largest displacement may be seen in the stump tissue and silicone liner, which 
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represent the low stiffness elements at the interface. In the horizontal direction, upon 

application of a tangential load, deformation of the tissues may occur and could be associated 

with damage of the stump tissues. While interface biomechanics are closely linked to 

ambulation i.e. gait performance of the amputee, it is therefore important to review typical 

gait characteristics for both able-bodied and amputee groups.  

2.2 Challenges related to residuum/socket interface 

2.2.1 Clinical observations 

Residuum volume fluctuation 

Once a socket is fitted by the prosthetist, amputees go home and continue with their daily life. 

At this stage, the socket fit is optimal to the current status of the stump. It has been reported 

that amputee typically takes up to 9130 ± 4420 steps per day associated with 7.5 ± 3.7 hours 

of walking [62]. These physical activities may cause residuum volume fluctuation. According to 

Zachariah et al [63], the residuum volume increased by up to 10.9% after a short period of 

walking. From a long term point of view, Fernie reported up to 21% of residuum volume 

fluctuation over a year, which may be associated with a loss of body weight [64]. In addition, 

up to 3.5% difference in residuum volume was found when the stump is contracted compared 

to it being relaxed [65]. 

In addition to physical activities, a change in body weight [66] and muscle composition [67] are 

important factors. For example, atrophy of the muscles will reduce residual limb volume. A 

prosthetic socket can be treated as a rigid body, usually made of carbon fibre or thermoplastic, 

which will not deform significantly during normal ambulation. On the other hand, if volume of 

the residuum changes up to 15% [68] in a day, it could significantly alter the quality of socket 

fitting or the coupling between the residuum and the socket. 

Socket alignment 

There are several key locations on the prosthetic limb to ensure appropriate alignment 

including the connection between the prosthetic components [69-71] for lower limb amputees. 

For a trans-tibial amputee (Figure 2.13), in addition to the normal angular alignment (Figure 

2.13a), socket flexion (Figure 2.13b) and extension (Figure 2.13c) in relation to the pylon can 

also be applied to the limb in sagittal plane. In the coronal plane, normal alignment (Figure 

2.13d), socket abduction (Figure 2.13e) and socket adduction (Figure 2.13f) are the three 

possible factors to consider by the prosthetists. 
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Figure 2.13: (a) – (c) Socket angular alignment in sagittal plane and (d) - (f) socket angular alignment in coronal 
plane. Figure adopted from [72]. 

According to a study conducted by Zahedi et al [73] with 3 prosthetists, 183 trans-tibial and 100 

trans-femoral amputees, it was established that amputees can tolerate several alignments 

settings. Indeed the alignment settings range in some parameters by as much as 148 mm in 

translation and 17° in rotational. Different studies indicate that the prosthesis alignment 

influences both distribution as well as the magnitude of the stress imposed on the residuum 

[73-75]. Although the most significant pressure change due to prosthetic component was 

reported to be approximately 285kPa [9], usually much smaller pressure re-distribution have 

been reported. One study [76] reported that aligning the prosthetic foot in plantar-flexion 

setting consistently increases pressures in the patellar tendon area with a corresponding 

decrease at the distal tibia. However, aligning the foot in dorsiflexion has the opposite effect. 

Despite this specific finding, many studies lack consistency, and, to-date, research does not 

provide a comprehensive and systematic view of the impact of alignment on the kinetics and 

kinematics at the residuum/socket interface. 

Skin problems 

According to two studies conducted by Levy [4, 77], up to seven types of skin problems (Figure 

2.14) have been identified on the stumps of lower limb amputees. For minor conditions, 

redness will be evident at bony prominences whereas for major conditions, pain and tissue 

break down will occur, leading to a pressure ulcer (Figure 2.14a). Contact dermatitis, as shown 

in Figure 2.14b and Figure 2.14c, is commonly observed with redness and itching reported by 

amputees. In severe conditions, blistering will be induced due to scratches. Figure 2.14d shows 

negative pressure hyperaemia, which may be associated with the negative pressure at the 

interface and limb volume change. In this condition, suspension techniques must be altered 

and in severe cases, a new socket required to accommodate the stump volume change. 
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Figure 2.14: Skin problems on lower limb amputees. 

Folliculitis (Figure 2.14e) is also a common condition where hair follicles become inflamed due 

to bacterial or fungal infection. The acute management for folliculitis is to reduce the heat and 

surface friction at the socket interface. Figure 2.14f shows the typical symptoms associated 

with an abscess. It usually occurs with/after tissue break down with bacterial infection. Xerosis, 

as shown in Figure 2.14f, is usually caused by dry skin. 

Among the seven commonly observed skin problems, four of them may be associated with the 

loading, pressure, shear and frictional forces, at the socket interface leading, in some cases, to 

the replacement of the socket with a new design. Therefore, a loading monitoring system is 

needed for prosthetist use for socket fitting purposes and for amputee use during daily 

activities. 

Residuum pistoning motion 

The axial movement of the residuum relative to socket is commonly termed, pistoning, by 

prosthetists. There are three possible types of movement between the residuum and the 

socket, labelled D1, D2 and D3 in Figure 2.15a. D1 describes the movement between the cut-

end of the tibia and the distal end of the socket. D2 describes the axial movement between the 

cut-end of the tibia and the prosthetic liner. D3 describes the axial movement between the 

prosthetic liner and the distal end of the socket. 
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Figure 2.15: Pistoning motion at residuum/socket interface of a trans-tibial amputee. Image adopted from 
https://www.ors.org/Transactions/59/PS2--096/1667.html. (b) A photo showing the angular movement (α) and 

axial movement (D) at a trans-tibial residuum/socket interface. 

Excessive D1 movement causes lack of proprioception or spatial awareness of the residuum in 

relation to the rest of the prosthetic limb [7, 78, 79]. This can compromise the walking stability. 

Excessive D2 movement may induce internal tissue damage [80-82] which can cause pain, 

discomfort and, in severe condition, secondary amputation may be required. Excessive D3 

movement may induce poor blood circulation leading to increase susceptibility of soft tissue 

damage at the distal tip of the stump. Appropriate means to quantify the amount of pistoning 

is needed to aid both the socket fitting process and the understanding of the interface 

mechanics. 

2.2.2 Residuum movement relative to socket 

As shown in Figure 2.12, the residuum/socket interface is commonly composed of bone, soft 

tissue, a prosthetic liner and the rigid prosthetic socket. The stump, including the rigid bone 

and the soft tissues, is enclosed by the rigid socket. During amputee daily activities, loads 

including forces and moments will be transferred to the socket interface. Due to the 

compliance between the rigid bone and the rigid socket with soft tissues in between, 

movement at the residuum/socket interface will be induced. This complex movement, 

incorporating both the angular [83] and axial movement [7], are commonly observed in clinical 

settings.  

In most of the previously reported studies, angular movement at the residuum/socket interface 

is defined as the moment of the cut-end of the tibia (for trans-tibial amputee [84] [83]) or cut-

end of the femur (for trans-femoral amputee [8]) in relation to the socket (α in Figure 2.15b). 

https://www.ors.org/Transactions/59/PS2--096/1667.html
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Axial movement (D in Figure 2.15b), also known as pistoning motion, is commonly defined as 

the vertical movement between the cut-end of the bone and the distal end of the socket. 

It is well known that the amount of angular and axial movement of the residuum relative to the 

socket can be associated with the degree of stability during ambulation [84-86]. Excessive 

movement at the interface could induce the reduction in spatial awareness of the stump with 

respect to the rest of the prosthesis. This could potentially pose safety issues, especially for 

elderly amputees, as they tend to exhibit reduced soft tissue stiffness. In addition, additional 

work is needed to compensate for this movement resulting in increased energy expenditure 

during daily activities[87]. Therefore, understanding the movement between the residuum and 

the socket for lower limb amputee could potentially improve the overall amputee satisfaction 

[31, 88-90]. 

From an industrial perspective, the understanding of the movement at residuum/socket 

interface could potentially improve the functionality of the product. The structural assessment 

of existing prosthetic products is based on mounting the prosthetic against a rigid socket 

interface, as recommended in ISO 10328: 2016. By incorporating a non-rigid socket interface, 

the test load exerted on the prosthetic components can be more realistic and improve the 

overall assessment quality. 

The residuum movement against the inner socket wall would induce intensive kinetic 

interactions at the residuum/socket. In next section, this intensive dynamic interaction will be 

introduced. 

2.2.3 Residuum/socket interface loading 

Due to the dynamic movement between the residuum and the socket, load will be induced at 

the interface, which may be directly associated with damage of the stump tissues. The load 

applied to the tissue surface can be resolved into two directions, namely, a normal force 

perpendicular to the skin surface and a shear force applied tangential to the skin surface (Figure 

2.16a). Interface pressure is defined as the normal force acting on the unit area of the skin. 

When the pressures are uniformly distributed over wide area of the skin, damage is less likely 

when compared to loading applied to localised areas [91], such as the bony prominences on 

trans-tibial amputees. It is well established that an inverse relationship exists between the 

intensity of external loads and the duration of the loading application required to produce 

residuum tissue damage [41, 92], such as pressure ulcer [93], as shown in Figure 2.16b. In 

particular, Reswick and Rogers [41] formulated tissue tolerance guidelines of allowable 
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pressure levels on tissue overlaying bony prominences, against time of sustained pressures, as 

indicated in Figure 2.16c. 

 

Figure 2.16: (a) A schematic showing the normal and tangential forces, (b) a photo, showing residuum ulceration 
and dermatitis and (c) Reswick and Rogers' curve [41, 94, 95] (dotted line) and further by Linder-Ganz75, 76 (red 

curve). 

Interface shear stress is defined as the tangential force acting on a unit area of skin. A few 

studies have attempted to establish the relationship between shear stress thresholds for skin 

breakdown. Naylor [96] defined the work needed to produce a friction blister as the product 

of frictional force and the number of cycles needed to cause a blister. The results suggested 

that, in general, to cause rupture of the skin epidermis greater cycles are needed at lower 

frictional forces. Sulzberger [97] demonstrated that less time and work are required to produce 

a blisters on thin skin compared to thick skin, because of the adapted load-tolerance structure 

exists in thick skin. In addition, the formation of a skin blister is also related to elevated skin 

temperature [98] and moisture [96], as is common at the stump/prosthetic interface..  

From a clinical perspective, the combined measurement of both pressure and shear stress can 

be used during the socket fitting stage to avoid excessive loading bearing at sensitive locations. 

In addition, the measurement of load applied at stump tissue could further enhance the 

understanding of the biomechanical and biological behaviour of the tissue. Such tissue 

behaviour could be further implemented in the next-generation socket systems to improve 

comfort and thus the overall rehabilitation outcome.  
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2.3 Able-bodied gait biomechanics 

The excessive movement (Section 2.2.2) and the stresses at the socket interface (Section 2.2.3) 

can be directly induced from ambulation, involving load transfer from the ground to socket 

interface. A review of able-bodied gait biomechanics will be provided with a view to aid in the 

understanding of amputee gait biomechanics. 

A typical GC consists of both stance and swing phases (Figure 2.17). The beginning of the stance 

phase is defined as initial contact (IC) in the GC. This is followed by a loading response, during 

which the foot flattens with respect to the ground. At approximately 30% of GC, the body is 

supported by one single leg and the propulsive phase is initiated. After mid-stance, the heel 

starts to lift off from the ground. After the terminal stance (TS) phase, the heel continues to lift 

up and finally clears the ground, during toe-off (TO) occurring at approximately 62% of GC. The 

swing phase typically occupies from 62% to 100% of a GC. 

 

Figure 2.17: Definition of able-bodied GC 

The GC is a repetitive pattern, involving loading in the stance phase and unloading when foot 

clears the ground in the swing phase. Understanding the load transfer from the ground to the 

limb is critical in the clinical decision-making process for pathological gait. 

2.3.1 Ground reaction forces 

 

Figure 2.18: Reference set of (a) anterior-posterior, (b) medial-lateral and (c) vertical component of GRF, as a 
function of GC. 
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GRF presented in Figure 2.18 was collected by Winter [99]. The anterior-posterior (Figure 2.18a) 

and the medial-lateral (Figure 2.18b) component provides adequate friction between the foot 

and the ground. This could reduce or prevent the potential threats to walking stability [100]. In 

early stance phase (approximately 12% of GC), the ground exerts a posteriorly-directed force 

onto the foot, serving the purpose of brake (Figure 2.18a). Minimal shear force is observed in 

mid-stance phase (approximately 32% of GC). Just before heel-rise, the ground exerts an 

anteriorly-directed force to the foot to propel the body in upward and forward directions. In 

the medial-lateral direction (Figure 2.18b), from IC to approximately 8% of GC, a laterally-

directed force is evident. During the remainder of the GC, a positive force is evident as the 

ground exerts a medially-directed force on the foot. 

The vertical component of GRF (Figure 2.18c) is composed of two peaks, separated by a small 

trough. The first peak occurs between the loading response and mid-stance phase, in the 

response of weight acceptance. The mid-stance valley trough at approximately 30% of GC, 

results from the elevation of the body’s centre of gravity. The second peak occurs in TS phase 

and is modified by pushing the ankle plantar-flexors against the floor. All three components of 

the GRF are further transferred proximally to the ankle, knee and hip joint. Joint mechanics, 

including joint kinematics and kinetics, has been used to describe the biomechanics during 

walking. 

2.3.2 Ankle joint biomechanics 

Figure 2.19-Figure 2.21 show the normative set of gait analysis data obtained from 16 able-

bodied participants (male, adult), walking at their natural cadence [99]. From 0-5% of GC, up 

to 5° of ankle plantar-flexion is evident (Figure 2.19a), whereas from 5% to approximately 45% 

of GC, ankle dorsi-flexion is evident. The rapid decrease of the body weight on the foot at IC 

initiates an ankle dorsi-flexion motion, achieving foot flat after the loading response phase. 

Further dorsi-flexion motion is aided by the tibial progression. As the pre-swing phase is 

initiated, a plantar-flexion motion was evident and approximately -20° ankle angle is observed 

at TO. In the swing phase, a minor decrease in the plantar-flexion is experienced as the foot is 

preparing for the next stance phase. 

Ankle moment (Figure 2.19b) is presented in loading response, acting to control the rate of foot 

lowering. The GRF vector passes anteriorly to the ankle joint after the loading response and the 

ankle dorsi-flexion moment returns to zero. This is followed by an increase in ankle plantar-

flexion, which peaks in TS. During this period, the ankle plantar-flexes to help the limb to 

achieve an upward and forward push-off, preparing for the swing phase. 
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Figure 2.19: Reference set of (a) ankle joint angle, (b) moment and (c) power as a function of GC. 

Figure 2.19c shows the ankle joint power as a function of GC. In the loading response, the rapid 

response of the dorsi-flexor muscles eccentrically controls the foot lowering, generating an 

immediate peak negative power (A1S). There is a surge of positive power at approximately 53% 

of GC, which corresponds to the concentric activation of propulsive plantar flexor activity (A2S) 

during the pre-swing phase. 

2.3.3 Knee joint biomechanics 

Two waves of knee flexion motion can be seen during each stride (Figure 2.20a). The first wave 

spans between the loading response and mid-stance phase, aiding the knee to absorb impact 

from the ground. The second wave occurs in the initial swing phase to assist the foot clearance.  

 

Figure 2.20: Reference set of (a) knee joint angle, (b) moment and (c) power as a function of GC. 

Figure 2.20b shows the knee joint moment as a function of GC. A peak extensor moment was 

evident in early stance phase. Figure 2.20c shows the knee joint power as a function of GC. 

During the loading response, power absorption (K1S) is presented and this corresponds to the 

eccentric knee activity. K2S corresponds to the concentric knee activity (K2S) in the mid-stance 

phase. Thereafter a negligible joint power is generated, between about 35-40% of GC, when 

the ground reaction force stabilises the knee in a state of extension. In TS, an eccentric activity 

(K3S) was evident resulting from the rectus femoris. Finally, a period of negative power was 

activated towards the end of the GC. This corresponds to the eccentric activity in the 

hamstrings muscles to control knee extension. 



Chapter 2 Literature review 

 

28 | P a g e  
 

2.3.4 Hip joint biomechanics 

Figure 2.21 shows the hip joint angle as a function of GC. During the loading response, the hip 

angular position remains relatively stable and only begins to extend after the loading response. 

Up to 38° of change in the form of extension in hip angle was observed in the stance phase. 

During the pre-swing phase, the hip begins to flex until the terminal swing phase (90% of GC), 

eventually ending with the hip retracted during the terminal swing. 

 

Figure 2.21: Reference set of (a) hip joint angle, (b) moment and (c) power as a function of GC. 

Figure 2.21b illustrates the hip joint moment as a function of GC. Hip extension moment was 

presented in the first half the stance phase and hip flexor moment was presented during the 

remainder of the stance phase. The former hip extension moment acts to support and stabilise 

the posture of the trunk. The latter, hip extension moment assists the knee extensor in 

preventing the possible collapse of the knee joint. During the second half of the stance phase, 

the hip flexion moment helps to stabilise the posture of the trunk from flexing backward and 

counteract an anterior reaction force is acting on the hip joint centre. 

The muscle is generating energy (H1S) during the first 15% of the GC, which corresponds to the 

concentric hip extensor activity during the loading response (Figure 2.21c). This is followed by 

a region of negative power, which is caused by the eccentric hip flexor activity (H2S) after 40% 

of GC. During the TS phase or the pre-swing phase of the GC, a period of power generation 

(H3S) is evident, corresponding to the concentric activity in the hip flexors. This is considered 

to be the second largest contribution from the muscular system to achieve a propulsive power 

during the GC. 

2.4 Lower limb amputee gait biomechanics 

For lower limb amputees, appropriate prosthetic fitting offers improved control over its 

position and alignment, possibly by improving proprioception and force transfer to the 

prosthesis. It is believed that with optimal fitting of the socket, the degree of gait asymmetry 

can be reduced. Hence, the characteristics of amputee gait can be considered to represent one 
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of the key parameters, which reflect the biomechanical conditions at the residuum/socket 

interface. 

2.4.1 Ankle joint mechanics 

Figure 2.22, Figure 2.23 and Figure 2.24 show joint mechanics for lower limb amputees, as a 

function of GC. The reference set of data was extracted from eight trans-femoral amputees 

[101] (7 male and 1 female, age: 28-60 years) and five trans-tibial amputees [102] (all male, 

age: 32-77 years). 

 

Figure 2.22: A reference set of ankle joint mechanics on prosthetic side. Data from [101] and [102] was re-
produced. 

From IC to approximately 10% of GC, up to 10° and 5° of ankle plantar-flexion movement 

(Figure 2.22a) was evident for trans-tibial and trans-femoral amputee, respectively. It is 

followed by ankle dorsi-flexion movement of up to 25° and 15° for trans-tibial and trans-

femoral amputees, respectively. During the remainder of the stance phase, ankle angle in 

sagittal plane restores to a value slighter higher than the value obtained at IC. In swing phase, 

little ankle movement was observed. 

In the early stance phase (approximately 12% of GC), a peak plantar-flexion moment of up to 

0.30Nm/kg and 0.05Nm/kg was evident on the trans-tibial and trans-femoral amputee (Figure 

2.22b), respectively. Peak dorsi-flexion moments of up to 1.3Nm/kg and 1.1Nm/kg were 

measured on trans-tibial and trans-femoral amputees, respectively. 

The peak ankle eccentric power (Figure 2.22c) of up to 1.0W/kg (at approximately 55% of GC) 

and 0.6W/kg (at approximately 30% of GC) was evident on trans-tibial and trans-femoral 

amputees, respectively. The corresponding peak ankle concentric power values of up to 

0.8W/kg and 0.5W/kg was recorded. 

2.4.2 Knee joint mechanics 

Up to 25° of knee flexion movement was reported in early stance phase for trans-tibial 

amputees (Figure 2.23a). However, little knee flexion movement was measured in stance phase 
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for trans-femoral amputees. In TS phase, up to 54° and 78° of knee flexion angle was observed 

for trans-tibial and trans-femoral amputees, respectively. 

 

Figure 2.23: A reference set of knee joint mechanics on prosthetic side. Data from [101] and [102] was re-produced. 

Up to 0.4Nm/kg and -0.1Nm/kg of knee extension moment in early stance phase was evident 

on trans-tibial and trans-femoral amputees (Figure 2.23b), respectively. This indicates the 

difference between the functioning of a biological and prosthetic knee.  

Little knee eccentric power, in early stance, was observed for trans-femoral amputees (0.0W/kg) 

while up to 0.25W/kg was evident for the trans-tibial amputee (Figure 2.23c). At TO, a greater 

knee eccentric power was observed for trans-tibial amputees (1.1W/kg), compared to the value 

obtained for trans-femoral amputees (0.6W/kg). 

2.4.3 Hip joint mechanics 

Up to 35° and 40° of hip ROM was evident on trans-tibial and trans-femoral amputees (Figure 

2.24a), respectively. A greater hip extension moment (Figure 2.24b) was evident for trans-tibial 

amputees (1.0Nm/kg), compared to that for trans-femoral amputee (0.25Nm/kg). However, in 

TS phase, a greater hip flexor was observed for trans-tibial amputees (1.24Nm/kg) compared 

to that for trans-femoral amputees (0.2Nm/kg). 

 

Figure 2.24: A reference set of hip joint mechanics on prosthetic side. Data from [101] and [102] was re-produced. 

A greater hip power generation (Figure 2.24c) was observed in early stance phase for trans-

tibial amputees (1.1W/kg), compared to that for trans-femoral amputees (0.1W/kg). There was 

a reduction in hip power absorption for trans-tibial amputees (0.0W/kg), compared to that for 

trans-femoral amputees (-1W/kg). 



Chapter 2 Literature review 

 

31 | P a g e  
 

2.4.4 Comparison with able-bodied group 

Temporal-spatial parameters 

It is recognised that lower limb amputees have a less efficient gait pattern and one of the key 

contributors is the asymmetries in temporal-spatial parameters. Therefore, it is a dilemma to 

decide whether the load should borne on the prosthetic or the contra-lateral side. If excessive 

load was distributed over the residuum, there is an increases risk of developing tissue damage. 

By contrast, the emphasis of relieving the load on the prosthetic side could result in gait 

compensation, which may, in turn, lead to an over-use of the contra-lateral side. Therefore, 

developing a means to assess the load distribution at the residuum/socket interface is critical 

to achieve a more balanced weight bearing on both prosthetic and contra-lateral sides. 

Table 2.3 illustrates a selection of these parameters that are frequently used in amputee gait 

analysis studies. A greater swing time is observed on the prosthetic side, compared to the 

contra-lateral side, which may be associated with the long step length demonstrated on the 

prosthetic side. 

It is also worth noting that the contra-lateral side experiences a longer percentage during the 

stance phase, compared with both the prosthetic side and the able-bodied group. This may be 

further associated with the increased joint loading on the contra-lateral side, resulting in the 

increased risk of osteoarthritis in hip and knee joints [103, 104]. Therefore, it is a dilemma to 

decide whether the load should borne on the prosthetic or the contra-lateral side. If excessive 

load was distributed over the residuum, there is an increases risk of developing tissue damage. 

By contrast, the emphasis of relieving the load on the prosthetic side could result in gait 

compensation, which may, in turn, lead to an over-use of the contra-lateral side. Therefore, 

developing a means to assess the load distribution at the residuum/socket interface is critical 

to achieve a more balanced weight bearing on both prosthetic and contra-lateral sides. 

Table 2.3: Comparison in temporal-spatial parameters for lower imb amputee. 

 Prosthetic VS contra-lateral Prosthetic VS Able-bodied Contra-lateral VS able-bodied 

Step length + [105]      
Stride length    + [105], [106]   
Walking speed 

N/A 
Comparable [107] or slightly 
higher in the able-bodied [108] 

N/A 

Stance %  + [108]  + [105], [109] + [110]  
Swing % + [109]  + [105], [109]    
Swing speed    + [105]   
+: higher       
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Ground reaction force 

 Trans-tibial amputees 

In comparison to the non-amputated side, a reduction in peak anterior-posterior braking force, 

peak medial-lateral GRF and the 2nd peak of vertical GRF in TS phase was observed [111] on the 

amputated side. The reduction in peak vertical GRF may suggest that the amputated side is less 

capable of weight bearing. The reduction in peak vertical GRF may suggest that the amputated 

side is less capable of weight bearing. Also, the reduction in the peak medial-lateral GRF may 

indicate that the exchange of body weight from one limb to the other may be impaired. In 

addition, the reduction in peak braking force in the anterior-posterior direction may be 

associated with the lack of stability during loading. Greater peak medial-lateral GRF and vertical 

GRF were evident on the contra-lateral side of the amputees, compared with the values for 

able-bodied participants [111-113]. 

 Trans-femoral amputees 

For trans-femoral amputees, GRF obtained on the prosthetic side showed reductions in 2nd 

peak of the vertical GRF, peak braking force, compared to both the contra-lateral side of the 

amputees and the able-bodied [114]. This is likely caused by hip hiking in coronal plane, which 

may induce a more vertical landing of the prosthetic limb in early stance phase. 

With regards to the medial-lateral GRF, a greater peak GRF value was obtained on the 

prosthetic side, compared to the values obtained for both contra-lateral side of the amputee 

and the able-bodied group. It is likely that, due to the higher vertical displacement of the centre 

of mass for trans-femoral amputees, a greater body movement in the frontal plane is needed 

to smooth out the centre of mas displacement [101, 115]. This could result in the higher values 

of peak medial-lateral GRF. 

When comparing the GRF obtained on the contra-lateral side of amputee to the value obtained 

for the able-bodied, a reduction in 2nd peak of vertical GRF and peak braking force was evident. 

However, a greater braking impulse in early stance phase was observed on the contra-lateral 

side of trans-femoral amputees 

Ankle joint mechanics 

A reduced and delayed plantar-flexion movement in early stance phase was evident for trans-

femoral amputees (Figure 2.22a), when compared with the able-bodied (Figure 2.19a). This is 

likely due to the fact that plantar-flexion motion is primarily a result of heel compression in the 
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absence of the ankle joint movement. The reduction in plantar-flexion movement could 

potential lead to a delayed foot-flat phase, increasing the risk of limb instability during the load 

response phase. A reduced dorsi-flexion movement, equivalent to up to 38%, during mid to TS 

phase was additionally reported and is likely due to the inability of the prosthetic foot spring to 

bend [116, 117]. 

Plantar-flexion moment was developed over 0-12% of GC for lower limb amputees (Figure 

2.22a) which is significantly higher than that on the able-bodied (up to 5% in Figure 2.19b) [101, 

102]. This suggests a lack of ability to rapidly achieve foot flat in stance phase for lower limb 

amputees. The prolonged duration of plantar-flexor moment may increase stress-time integral 

at the residuum/socket interface. The peak dorsi-flexion in TS phase, was considerably lower 

i.e. a 60-70% reduction for lower limb amputees compared to the able-bodied [101, 102]. 

When the carbon fibre heel blade deflects during early stance phase, energy will be absorbed 

in the blade, resulting in an ankle power absorption or eccentric power for a lower limb 

amputee. During TS phase, the stored elastic energy in the blade will be released, generating a 

power that propels the prosthetic limb. It has been reported that, for lower limb amputees, the 

power generation (Figure 2.22c) was up to four times less than that for able-bodied (Figure 

2.19c), which may be directly associated with the deflection capability of the prosthetic foot 

blades [101, 102]. 

Knee joint mechanics 

Knee flexion in early stance phase is reduced (Figure 2.22a) for trans-tibial amputees, thus 

limiting the shock-absorbing capacity [118], comparing to the value for the able-bodied (Figure 

2.20a). This could result in abnormal loads exerted through the residuum/socket interface, 

which may result an increased risk of tissue damage. For trans-femoral amputees, the knee 

flexion (Figure 2.22a) in early stance phase is either absent or negative [101]. This could be 

associated with the prevention of both knee buckling and the collapse of the limb. 

Knee flexor moments in early stance phase appears to show the greatest difference between 

the lower limb amputee and able-bodied [106]. The knee extensor moments associated with 

trans-tibial amputees (Figure 2.23b) was significantly smaller than the value for the able-bodied 

(Figure 2.20b) [106]. However, EMG data indicted the opposite findings with a 25% increase in 

vastus lateralis intensity compared to the able-bodied [106]. Hence, caution is needed when 

assessing residuum/socket interface using joint kinetic data alone. It is therefore proposed that 

measurement needs to directly record at the residuum/socket interface. For trans-femoral 
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amputees, even smaller knee flexor moments were recorded in early stance phase, when 

compared to both trans-tibial and able-bodied individuals. 

For trans-tibial amputees, a reduction of knee joint power (up to 53%) absorption in early 

stance phase (Figure 2.23c) have also been reported [119], compared to values for able-bodied 

(Figure 2.20c). A similar finding was observed for trans-femoral amputees with the absence of 

both energy absorption and energy generation on knee joint power [120], until TO. It is 

therefore proposed that the prosthetic knee joint plays little role in the shock absorption during 

both the loading response and limb propulsion TS phase. 

Hip joint mechanics 

It is reported that, the range of the motion on the both prosthetic side (Figure 2.24a) and 

contra-lateral side for trans-femoral amputee is almost doubled, when compared to the able-

bodied (Figure 2.21a) [121]. This is likely due to the loss of biological knee and foot with muscle 

loss around the residuum. Extra movement was required by the hip to control the limb. When 

comparing among amputees, the hip range of motion for trans-femoral amputees, was found 

to be reduced when fitted with the ischial containment socket[122]. During hip extension, the 

ischial lock feature built on the socket, limits the physiological motion on the prosthetic side, 

which may trigger a compensatory mechanism on the pelvis on the sound side. This suggests 

that different type of prosthesis, in this case involving socket design can influence the joint 

kinematics. 

No active control of prosthetic ankle and knee joint is allowed with passive prosthetic 

components. This could result in high moments at the hip, assisting the limb progression [120]. 

It is reported that, for lower limb amputees, hip moments at IC (Figure 2.24b) is two-fold 

greater than for the able-bodied (Figure 2.21b) [115]. This finding was observed for both the 

prosthetic side and the contralateral side. 

Both trans-tibial and trans-femoral amputee rely on the hip to absorb and generate power. 

There is no doubt that, from various studies, a large surge of hip joint power generation just 

before TO is evident [119, 120, 123]. This serves as a compensatory mechanism in response to 

the lack of generation of prosthetic ankle and knee joint power. The over-use of the hip on the 

prosthetic side will then contribute to the excessive femoral movement inside the socket. This 

may result in the reduction of limb stability and proprioception. 

In this section, differences in temporal-spatial parameter, ground reaction forces and joint 

mechanics have been highlighted between the amputee group and able-bodied group. The 
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greatest difference was evident in knee joint mechanics for trans-tibial amputees and hip joint 

mechanics for trans-femoral amputees. This was primarily due to the loss of the biological joint 

and the presence of a residuum/socket interface. Therefore, a comprehensive understanding 

of the load transfer mechanism from the ground to the socket interface is critical for the 

biomechanical assessment of the socket interface.  
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2.5 Load transfer mechanism for lower limb amputee 

With presence of the residuum/socket interface, abnormal load transfer to each of the joint 

was revealed in previous studies (Section 2.4.4). In addition, with the issue illustrated in Section 

2.2, a biomechanical understanding of the interface requires an examination of the load 

transfer mechanisms from the ground, through the prosthetic limb to the socket interface. This 

will be addressed in the following section. 

2.5.1 Theory of lower limb load transfer 

Able-bodied group 

The theory of lower limb load transfer can be demonstrated, using a linked-segment model. As 

shown in Figure 2.26a, the skeletal model for an able-bodied group consists of three segments 

and four key anatomical landmarks. Up to three gait models (Figure 2.25) have been commonly 

used in human gait analysis, based on a review incorporating 51 studies [5]. They are namely, 

a linear segment representation model, a Helen Hayes conventional model [124] and a lower 

limb musculoskeletal model with three degrees of freedom at each of the joint [125]. Each of 

the models assume that all segments are rigid and their centre of mass is located along their 

length, as defined by de Lava [126]. Furthermore, no movements are assumed between the 

tissue and the underlying skeleton [127]. 

 

Figure 2.25: Marker placement protocol for (a) linear segment model, (b) Helen Hayes conventional model and (c) a 
lower limb musculoskeletal with three degrees of freedom at each of the joint model. Image adopted from [5]. 

Three internal forces are acting on the foot segment (Figure 2.26b), including the foot 

gravitational force mFootg, ankle joint force fAnkle and inertial force aFootmFoot. The external force 

and internal forces can be represented by: 

 𝒇𝐴𝑛𝑘𝑙𝑒 = 𝑚𝐹𝑜𝑜𝑡𝒂𝐹𝑜𝑜𝑡 − 𝒇𝐺𝑅𝐹 − 𝑚𝐹𝑜𝑜𝑡𝒈 (2.1) 

 

Where fankle is the force vector experienced by the ankle joint, fGRF is the ground reaction force 

vector, mfoot is the mass of the foot segment, g is the gravitational constant and aFoot is the linear 
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acceleration of the foot segment in vector form. The ground reaction force vector can be 

obtained from a force platform, while the mass of the foot segment can be obtained from 

published cadaveric studies. 

 

Figure 2.26: Lower limb musculoskeletal model and its free body diagram for able-bodied person 

By taking the moments about the centre of mass of the foot segment, the vector form of ankle 

joint moment can be expressed by: 

 𝑴𝐴𝑛𝑘𝑙𝑒 = 𝐼𝐹𝑜𝑜𝑡𝜶𝐴𝑛𝑘𝑙𝑒 − (𝒅1 ×  𝒇𝐴𝑛𝑘𝑙𝑒) − (𝒅2 × 𝒇𝐺𝑅𝐹) − 𝑻 (2.2) 

 

Where MAnkle is the moment vector experienced by the ankle joint, IAnkle is the second moment 

of inertia of the foot segment, αAnkle is the angular acceleration vector of the foot segment, d1 

is the vector linking the centre of mass of the foot to the ankle joint centre, d2 is the vector 

linking the centre of the mass of the foot segment to the proximal end of the foot and T is the 

GRF torque in vector form. 

Having calculated the joint moment, the joint power, can be estimated from the product of 

joint moment and the joint angular velocity. For example, the ankle joint power can be 

expressed as: 

 𝑷𝐴𝑛𝑘𝑙𝑒 = 𝑴𝐴𝑛𝑘𝑙𝑒 × (𝝎𝑆ℎ𝑎𝑛𝑘 − 𝝎𝐹𝑜𝑜𝑡) (2.3) 

The same approach can be repeated to estimate the force, moment and power at knee joint 

(Figure 2.26c) and hip joint (Figure 2.26d). This technique has been commonly applied in gait 

analysis and typical results are presented in Section 2.3. 
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Amputee group 

In the context of amputee clinical gait analysis, the introduction of both prosthetic components 

and the residuum poses new challenges to the definitions of joint centre, segments, and the 

protocol for marker placement as well as the reporting of meaningful clinical data. Jia et al [128, 

129] proposed an analytical calculation of the knee joint force within the socket, based on 

Newton’s 2nd law of motion for trans-tibial amputee. Figure 2.27 shows the free body diagram 

of a trans-tibial residuum donned onto a prosthetic limb. 

 

Figure 2.27: Free body diagram for the calculation of loads at knee joint. 

By substituting raw data from 3D motion analysis system, including the angular displacement, 

angular velocity, angular acceleration and ground reaction force as a function of GC, three 

components of force and moment can be calculated. Figure 2.28 shows the force and moment 

applied to the knee joint centre over one GC. 

 

Figure 2.28: (a) Forces and (b) moment applied at knee joint, over a GC. Data was extracted from [128]. 

In the stance phase, from IC to approximately 20% of GC, an anteriorly-directed force is 

observed (Figure 2.28a), leading to the knee joint pressing against the socket. By contrast, in 

the TS phase, a posteriorly-directed force is evident and this can lead to increased interaction 
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between the stump and the posterior brim of the socket. In the vertical direction, a double-

hump force profile is evident. 

Figure 2.28b shows the bending moment in the sagittal plane. At approximately 20% of GC, a 

negative bending moment is observed. This can lead to the interaction between the cut-end of 

the tibia and the posterior-distal location of the socket, to achieve a braking effect. Positive 

bending moment is observed in the TS phase (approximately 55% of GC). This may result in the 

interaction between the cut-end of the tibia and the anterior-distal location of the socket. A 

number of factors, however, question the aforementioned assumption of many of the models 

including, 

 Prosthetic components (Section 2.1.2), such as the prosthetic foot, has a deformable 

keel, which violate the rigid body assumption [130, 131]. Indeed, only two of the 50 

studies modelled the deformable keel separately as an elastic structure [132, 133]. 

 Any relative movement at the residuum/socket interface may violate the rigid body 

assumption of the standard model for example, the shank segment for the trans-tibial 

amputee and thigh segment for the trans-femoral amputee [134]. 

2.5.2 Direct measurement of load transfer 

Understanding the load transfer distal to the prosthetic socket is critical for the assessment of 

socket fit, prosthetic componentry design and associated finite element analysis [135]. 

Instrumented load cells have been commonly placed underneath the socket (Figure 2.29) to 

measure the forces and moment transferred to the interface [69, 136-142]. By using load cells, 

load transfer at a certain location along the prosthesis, typically located just below the socket, 

can be measured. 

 

Figure 2.29: The placement of an iPecs load cell underneath the socket. Image adopted from [138]. 



Chapter 2 Literature review 

 

40 | P a g e  
 

Figure 2.30 shows the waveform and peak values of the forces observed just below the socket 

for both trans-tibial [140] and trans-femoral amputee [137, 139, 142]. In the anterior-posterior 

direction, a posteriorly-directed force is acting on the socket in early stance phase while an 

anteriorly-directed force is evident towards the end of the stance phase (Figure 2.30a). In the 

medial-lateral direction, the medially-directed force dominates most of the stance phase 

(Figure 2.30b). In Figure 2.30c, a peak compressive force is observed at approximately 82% of 

GC. 

 

Figure 2.30: Forces measured just below the socket in (a) anterior-posterior direction, (b) medial-lateral direction 
and (c) vertical direction. Data present in the figure can be found in [137, 139, 140, 142] . 

Figure 2.31 shows the waveform and peak values of the corresponding bending moments for 

both trans-tibial [70, 140, 143] and trans-femoral amputees [137, 139, 142]. The highest 

bending moment is observed in the sagittal plane, a peak plantar-flexor moment is evident at 

approximately 80% of the stance phase. The bending moments observed in both coronal and 

transverse planes are low compared with those measured in the sagittal plane. 

 

Figure 2.31: Bending moments measured just below the socket in (a) coronal plane, (b) sagittal plane and (c) 
transverse plane. Data present in the figure can be found in [70, 140, 143] for trans-tibial amputee and [137, 139, 

142] for trans-femoral amputee. 

To date, two measurement techniques for load transfer have been reported. It is evident from 

a theoretical point of view that the walking speed and the terrain can influence the load transfer 

from the ground to the distal end of the socket. For example, the walking speed can affect the 
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rotational kinematics of the segment distal to the socket (Equation (2.2) and Equation (2.3)), 

thus resulting in a change of load transfer. These factors are most conveniently discussed 

separately. 

2.5.3 Key parameters affecting load transfer 

Speed 

With a passive prosthetic devices (Section 2.1.2), optimal performance can be obtained at 

customary walking speed. Accordingly, at other speeds, the performance of the prosthetic 

device will be sub-optimal. In addition, Fey [144] reported an increase in both knee joint force 

and moment with walking speed. It is worth noting that, the knee joint moment was not 

normalised to walking speed in their study. In addition, an enhanced value of positive hip joint 

power was obtained when walking at an increased speed to that recorded at a self-selected 

speed. 

Terrain 

It is well known that when walking on a descending ramp, the stability of the prosthetic limb 

stability needs to be ensured to prevent a fall. Furthermore, when engaging with an ascending 

ramp, the ease of tibial progression in early stance and an adequate power generation in TS 

are critical for improving gait stability. Therefore, there is a need to understand load transfer 

through the prosthetic limb when engaging with different terrains. 

Several studies have reported the influence of the terrain on the joint biomechanics. When 

walking on a descending ramp, a higher knee flexion motion was reported in both TS and swing 

phases for trans-tibial amputees [145]. However, for trans-femoral amputees, the terrain does 

not seem to have an effect on the knee joint kinematics. When walking on an ascending ramp, 

a reduction in ankle dorsi-flexor was evident in early stance phase compared with that on a 

descending ramp [146]. In TS phase, a greater ankle plantar-flexor was revealed when walking 

on descending ramp, comparing with that on ascending ramp. A significant reduction in knee 

extensor was observed when walking on the ascending ramp, in early stance phase, comparing 

with that on descending ramp. The hip extensor moment was approximately doubled in early 

stance phase when on the descending ramp, comparing with that on the ascending ramp [147]. 

Prosthetic components 

As introduced in Section 2.1.2, different types of prosthetic components have been developed 

depending on the level of amputation and operating procedures. The examination of the 



Chapter 2 Literature review 

 

42 | P a g e  
 

influence of prosthetic components on joint biomechanics can provide guidance on the optimal 

design of these prosthetic components. 

It has been reported that a smooth/rapid change in load transfer profile is evident when using 

a hydraulic ankle-foot device compared to a non-hydraulic foot [34]. When fitted with a 

hydraulic foot both a rapid progression of centre of the pressure (CoP) beneath the prosthetic 

hind foot and an increase in walking speed when fitted were observed. With same type of 

prosthetic knee, Genium knee showed a greater knee flexion motion in swing phase compared 

with the value obtained on a C-leg [26]. Peak values of ankle dorsi-flexor were reduced 

significantly with a hydraulic foot compared with a non-hydraulic [33]. Segal et al [101] reported 

that the C-leg enhanced the knee flexor moment significantly compared with a conventional 

mechanical knee. Nickel [147] linked the socket comfort with the adaptation and the 

adjustment of prosthetic ankle on ramped surface. In addition, an enhanced energy storing 

capacity and restoration of the prosthetic ankle were observed with an adjustable ankle 

compared with fixed-ankle devices. 

De Asha, Johnson [148] reported that hydraulic ankle device reduced the magnitude of the 

posteriorly directed CoP displacement, greater shank angular velocity and comfortable walking 

speed on trans-tibial amputees. In addition, the speed-related changes in the compensatory 

contra-lateral joint kinetics was minimised when using hydraulic ankle device, comparing to 

those with rigid ankle [33].  

The alignment between prosthetic components was also reported to have significant effect on 

load transfer through the prosthetic limb. As an example, peak knee extensor was increased 

when the socket was translate posteriorly or in a more flexed position in relation to the distal 

components [149]. In coronal plane, a reduction in Varus moment was observed in mid stance 

by adduction or medial translation of the socket. 

Interface mechanical properties 

Prosthetic liners, as introduced in Section 2.1.2, with different thickness were reported to affect 

the load transfer mechanism. Walking with a thicker liner reduced the force and vibratory 

feedback to the residuum and contributed to a higher vertical GRF [150]. Furthermore, the way 

of attaching residuum to the rest of prosthesis (Section 2.1.4) can also load transfer through 

prosthetic limb. A reduction in the 1st peak of vertical GRF and an increase peak braking GRF 

was reported using pin-lock suspension comparing to that with suction suspension [55]. When 

friction coefficient was altered by two different liners, the polyurethane liner resulted in a 
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faster walking speed and a greater symmetry in kinematic variables [151]. Furthermore, by 

altering the prosthetic mass and its distribution, higher efficiency in knee joint work was 

observed when the mass was distributed in a proximal position, comparing to the value 

obtained in a distal position.  

Based on the review above, walking speed, terrain, prosthetic components and interface 

mechanical properties can alter the load transfer to prosthetic limb. According to Figure 2.27, 

these factors would subsequently affect the load exerted at the knee joint within the socket 

interface for trans-tibial amputee and the hip joint for trans-femoral amputee proximal to the 

socket interface. Conventional gait analysis treats the socket interface as a rigid segment due 

to the lack of assessment techniques to provide in-situ measurement of kinematics and kinetics 

at the socket interface. This lack of biomechanical understanding at the socket interface could 

potentially also lead to the tissue damage (Section 2.2.3) and stability (Section 2.2.2) at the 

socket interface.  
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2.6 Residuum/socket interface kinematic assessment 

A range of studies have been reported to measure real time stump movement and loading at 

the socket interface with a view to understanding in-situ biomechanics as a function of 

amputee’s GC. To date, a few well established techniques including medical imaging, motion 

capture and instrumented sensor will be briefly critiqued in the following section. 

2.6.1 Techniques for kinematic assessment 

X-ray radiograph 

X-ray based techniques have proved the most popular with researchers to investigate the 

kinematic coupling between the residuum and the socket [83, 85, 152-159]. The accuracy of 

RSA has been reported to present 0.3° and 0.2mm rotational and translational resolutions, 

respectively [160]. From the 1970s to 1990s, x-rays were used to produce 2D radiographs [85, 

154-157]. Participants were asked to perform different stride positions statically, (Figure 2.32a 

and Figure 2.32b), while the radiological images were recorded (Figure 2.32c). Prostheses were 

prepared with a thin steel wire, running along the inner surface of the external prosthetic 

socket [156], in order to obtain high contrast radiograph between bone and sockets. These 

techniques were further developed [158] [83] by introducing several tantalum markers 

attached to the truncated bones to accurately measure the bone displacement relative to 

socket, under local anaesthesia [83]. This was followed by a-10-week recovery before actual 

experiments. The experiment often involves a static protocol, including full weight bearing, half 

weight bearing and non-weight bearing. 

 

Figure 2.32: An illustration of participant performing different stride positions: (a) mid-swing and (b) foot-flat. (c) 
An example of radiograph taken from a trans-tibial amputee. All images were taken from Grevsten and Erikson 

[155]. 
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Volumetric spiral x-ray computed tomography (SXCT) 

SXCT was developed to investigate the movements at the residuum/socket interface [152, 153, 

159]. The SXCT can produce 3D volumetric images of the socket interface. Therefore, a 6-

degree-of-freedom motion of the residuum can be extracted. Participants were typically asked 

to lie supine on the platform. Metal markers were adhered to the surface of the stump, before 

donning the prosthesis [152, 153, 159]. Subsequently, an external load applicator was attached 

to the participant to apply load (up to body weight) to the socket interface [152, 153, 159]. CT 

scans were performed at different load levels. The 3D volumetric image of the socket interface 

were produced (Figure 2.33b) and subsequently sliced to form 2D images (Figure 2.33c). 

 

Figure 2.33: (a) Patient lying supine and preparing from the CT scan, (b) Volumetric rendering of 3D stump, output 
from the CT scanner and (c) an example of the cross-section of the intact and prosthetic limb, sliced from the 

volumetric 3D image. Note: (a) and (c) were taken from Vannier [159], (b) is taken from Commean [152]. 

Dynamic Roentgen Stereogrammetric Analysis (DRSA) 

Papaioannou and colleagues used DRSA [161-165], combined with laser-based 3D digitiser with 

CT imaging equipment, to investigate the angular and linear couplings. Several tantalum 

markers (Figure 2.34a) and tantalum pigment paint (Figure 2.34b) were employed on the 

surface of the internal surface of the socket and surface of the stump, respectively. The laser 

scanner is subsequently used to obtain the internal and external surface of the socket, while 

reconstructed geometry of the residual bone with the 3D geometry of the stump and the 3D 

socket surface data were obtained by the CT imager. Participants were asked to perform 

dynamic activities (Figure 2.34c) and tantalum marker (and painted meshes), bone edges, were 

tracked. 3D motion at the socket interface were registered using multiple software, including 

Matlab, 3Ds Max studio, AutoCAD, Geomagic studio and Mimics. 
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Figure 2.34: (a) Tantalum markers (yellow circle) placed over the internal surface of the socket, (b) tantalum 
meshes (yellow circles) painted on the stump and (c) DRAS imaging hardware. All images can be found in [164]. 

Ultrasound transducers 

As an alternative to radiation-based equipment, Murray and Convery [8, 166, 167] used 

ultrasound transducers to investigate residuum/socket interface kinematic couplings. These 

study involved three stages, calibration of the ultrasound transducer [167], pilot amputee level 

walking tests [8] and amputee daily living activity tests [166]. Two rectangular openings were 

introduced on the lateral socket wall (Figure 2.35a) to mount the two ultrasound transducers 

(Figure 2.35b). Subsequently, each participant was asked to perform different activities. Videos, 

showing the movement of the femur relative to the socket, were recorded by the ultrasound 

transducer. Such movement were analysed using a video playback. This technique was 

reported to have the resolution of less than 1°. 

 

Figure 2.35: (a) Two openings made on the lateral socket wall for mounting the two ultrasound transducers and (b) 
two ultrasound transducer mounted on the lateral socket wall. Note the images were taken from Convery and 

Murray [8]. 

Motion capture technique 

Cameras has been used to investigate the 2D translational movement between the residuum 

and the socket [78]. Four stickers can be placed over the greater trochanter (marked as A in 

Figure 2.36a), proximal lateral end of the liner (marked as B in Figure 2.36a), proximal lateral 
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end of the socket (marked as C in Figure 2.36a) and distal end of the socket (marked as D in 

Figure 2.36a). Four images were taken by a DSRL camera, corresponding to, non-weight bearing 

posture, half-weight bearing posture, full-weight bearing posture and posture with weight 

attached to the prosthetic feet. Corresponding images were analysed by measuring the change 

in the 2D distance between A and D stickers, representing the residuum axial movement. 

 

Figure 2.36: (a) Schematic showing the DSLR Camera based method, adopted from Gholizadeh et al. [78] and (b) 
gait laboratory 3D motion capture based method for the evaluation of residuum/socket vertical translational 

movement, adopted from Gholizadeh et al. [168]. 

3D motion capture technique 

Gholizadeh et al. [168] used 3D motion capture to quantify the vertical displacement between 

the liner and socket (Figure 2.36b) for trains-tibial amputees. Four paper-thin reflective 

markers were used with two placed over the lateral proximal (marked as Socket_1 in Figure 

2.36b) and lateral distal (marked as Socket_2 in Figure 2.36b) location of the socket, two placed 

over the liner and below the knee (marked as Liner_1 and Liner_2 in Figure 2.36b). The 3D 

marker co-ordinates of each of the marker were extracted. The 3D distance, between the 

Socket _1 and Liner_1 marker, was used as a representation of residuum axial motion. 

A more sophisticated marker model was developed by Childers and Siebert [169] to investigate 

the residuum angular and translational movements for trans-tibial amputees. Two 40mm-

diameter holes were drilled on the socket (LFE and AD location in Figure 2.37a) to 

accommodate the marker placement. Five real markers (marked as green in Figure 2.37a) were 

placed at the residuum/socket interface. Soc_1 and Soc_2 were placed along the lateral aspect 

of the socket. ADT_1 and ADT_2 were rigidly connected and placed over the AD location, 

through the hole. Similarly, a LFE marker were placed over the stump, via the hole. Both holes, 

one at LFE location and one at AD location, were subsequently sealed. 
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Figure 2.37: (a) Marker placement, adopted from [169] (b) A schematic showing real and virtual marker definition 
and (c) the definition of relative angular and translational movement between the residuum and the socket. 

Two virtual markers (red in Figure 2.37b), ADT and RPJ, were defined using the real markers. 

The ADT marker is tracked with the ADT_1 and ADT_2 marker. In addition, the residual-

prosthesis joint (RPJ) was defined at the intersection of a line between Soc_1 and LFE markers 

and a second line perpendicular to the first line and through the ADT virtual marker. In dynamic 

motion capture, the RPJ virtual marker was tracked relative to the socket markers (Soc_1 and 

Soc_2) and labelled RPJ_S. In addition, the RPJ marker is tracked relative to residuum makers 

(LFE and ADT) and labelled RPJ_R. 

Figure 2.37c shows the definition of the translational and rotational movement between the 

residuum and the socket. The translational movement is defined as the movement between 

RPJ_R and RPJ_S marker. The angular movement between the residuum and the socket is 

defined by the angular different between LFE and RPJ-RL markers for the residuum and Soc_1 

and RPJ_S markers for the prosthesis. 

Sensor technologies 

A non-contact photoelectric sensor system (Figure 2.38) was developed to measure the 

translational residuum motion at the distal location [170], adding an extra 70g of mass and 

8.9mm thickness to the prosthesis. The reported sensor has a measurement range of 60mm 

and root mean square (RMS) error of less than 1.95% of full-scale output.  
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Figure 2.38: the photoelectric sensor with its signal conditioning unit, image taken from Sander et al [170]. 

Childers and his colleague [171] developed a limb/socket measurement (LSM) device (Figure 

2.39a), incorporating an aluminium frame and two linear variable differential transformers 

(LVDTs), to measure the residuum translational motion in the sagittal plane. The aluminium 

frame was attached to a bracket via a hole made through the socket as shown in Figure 2.39b. 

In addition, the other side of the bracket was adhered to the lateral-distal location of the 

residuum, close to the cut-end of the tibia. The reported LSM had a measure ranged of 100mm 

and resolution of ±0.2mm. 

 

Figure 2.39: (a) The aluminium frame, including two LVDTs attached to the lateral side of the socket wall and (b) 
the bracket used for aluminium frame attachment. 

Summary of techniques for assessing 3D motion at socket interface 

 The cost of using or purchasing medical imaging equipment, such as an SXCT and a 

DRSA machine, in clinical settings is high. Availability of such machine in middle or low-

income country may prove an issue.  

 X-ray radiograph, SXCT, DRSA technique involves radiation exposure to the amputees, 

which could prove harmful for repeated use. 
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 Digital image acquisition and processing skills, computer-aided design skills and 

programming skills are required to acquire process and analyse the image. As an 

example, up to four pieces of software are required to use the DRSA technique. 

 For the SXCT technique, in some cases, metal wire needs to be inserted at the 

residuum/socket interface. In extreme cases, surgical operation may be needed for the 

insertion of reference markers. Both could result in a secondary injury and infection at 

the residuum.  

 For both ultrasound and DRSA techniques, modifications to the socket are required. 

For the former, two openings at lateral socket are needed to mount the transducer. 

For the DRSA technique, the insertion of a tantalum mesh and markers is required, 

leading to an altered mechanical behaviour at the tight socket interface. 

Several types of instrumented sensors have been developed for incorporation into the 

prosthesis to measure the residuum motion. Although they have proved accurate in measuring 

movement, there are limitations namely: 

 For both photoelectric sensor and the LSM device, an instrumented socket is required 

with openings cut on the socket. This will affect the structural integrity of the socket, 

thus limiting their usage for monitoring purpose in daily life. 

 For both photoelectric sensor and the LSM device, extra weight are added to the 

prosthesis. This can lead to unnatural gait and thus measurement will not be 

representative. 

The motion capture technique for socket interface kinematic assessment is well known for its 

capability of capturing the dynamic movement, compared to the x-ray radiograph. In addition, 

the radiation exposure to amputee is minimal. However, there are several drawbacks 

associated with their usage namely: 

 For the camera-based technique, a transparent socket is required. This limits its use 

for amputees who are fitted with a non-transparent socket, such as carbon fibre socket. 

In addition, the insertion of the reflective sticker at the tight socket interface can result 

in residuum discomfort, leading to an unnatural gait. Further, only axial motion can be 

derived from this technique. 

 For the 3D motion capture-based technique, a new marker placement protocol is 

required involving the palpation of the key landmarks on the residuum. This could 

introduce the variations in marker placement between different investigators. Also, a 

new calculation protocol needs to be developed in the gait analysis software. 
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The studies have been mostly conducted as research case studies in laboratories. A proof-of-

concept technique needs to be developed that can be translated in to a daily monitoring device, 

alarming the amputee when excessive motion occurs at the residuum/socket interface. Based 

on the measured movements at the interface, clinical interventions either through a prosthetist 

or via an adaptive socket system can be triggered.  

The feasibility of using 3D motion capture system as a tool to assess the kinematics at 

residuum/socket interface has not been extensively studied. However, it has the potential to 

be partially replaced by the inertial measurement unit (IMU) [172, 173]. Wearable devices, 

based on IMUs, can be then be developed to acquire the 3D motion at the critical interface. Via 

this technique, devices can be worn on the amputee and the motions occurring at the socket 

interface can be monitored during daily activities. The interface mechanics can then be 

examined with amputees in both research laboratories and a larger cohort of amputees during 

their daily life. 

2.6.2 3D motion at trans-femoral residuum/socket interface 

To author’s best knowledge, despite the wide use of the medical imaging based technique, only 

two studies from the same research group have reported the dynamic characterisation of the 

residuum/socket interface kinematics [8, 166]. Both studies utilised ultrasound transducers to 

report dynamic movements of the residuum movement relative to the socket. However, the 

reliability of the technique, including the repeatability on the same day and reproducibility 

across different days, has not been reported. The review of the two studies can, however, 

provide a benchmark for the comparison of socket interface kinematics. Clearly, more studies 

need to be performed on both trans-femoral and knee disarticulation amputees, in order to 

gain a comprehensive understanding of the socket interface kinematics. 

Level walking 

According to Convery and Murray [8], at IC, the distal end of the femur extended up to 7° until 

mid-stance phase (Figure 2.40). After mid-stance, the distal end of the femur started to transfer 

into a flexion positon in relation the lateral socket wall and approximately 7° was reached at 

TO. In swing phase, it stabilised and returned to the position seen at IC. Up to 14 of femoral 

ROM was obtained in relation to the lateral socket wall. In the coronal plane (Figure 2.40), from 

IC to mid stance of the GC, up to 9° of femoral abduction was obtained in relation of the socket. 

From mid-stance to TO, it decreases such that femur was 3° adducted relative to the socket. 

Up to 12° of femoral motion was observed in the coronal plane in relation to the socket. 
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Figure 2.40: (a) Femoral movement relative to the socket as a function of GC during level walking. (b) Femoral 
movement relative to the socket during weight bearing activities in (b) sagittal plane (c) coronal plane. Raw data 

was extracted from Convery and Murray [8] using WebPlotDigitiser Version 3.8. 

Weight bearing activities 

Apart from the results obtained from level walking trials, femoral motion relative to the socket 

was also evaluated when performing varies daily activities [166]. When lifting the prosthetic 

limb above the ground (non-weight bearing), up to 8° of flexion motion of the femur was 

evident. The position of the femur relative to socket showed little difference when performing 

full weight bearing activities (Figure 2.40b). In coronal plane, as shown in Figure 2.40c, up to 9° 

of femoral adduction was obtained during non-weight bearing activity. Little movement of 

femoral when during full-weight bearing activity. 

Sit-to-Stand activities 

Figure 2.41a shows the femoral motion in sagittal and coronal planes when performing a sit-

stand activity. During the transition from seated position to a standing position, up to 13° of 

femoral extension was evident in order to propel the trunk upward. Up to 10° of femoral flexion 

was observed during the transition between standing posture to seated posture. This may be 

associated with the deceleration of the limb to slow the trunk due to body weight. In the 

coronal plane, up to 7° of adduction was evident during the transition from seated position to 

standing position. Figure 2.42b shows the femoral motion in sagittal and coronal plane when 

performing step up-down trials. Up to 13° and 15° of femoral motion was observed in the 

sagittal and coronal planes, respectively. 
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Figure 2.41: Femoral movement relative to socket obtained during (a) sit-stand activities and (b) step up-down 
activity. Flexion and abduction of the femur is defined as positive. Raw data was extracted from Convery and 

Murray [166] using WebPlotDigitiser Version 3.8. 

Walking on inclined surfaces 

Figure 2.42a and Figure 2.42b shows the femoral motion relative to the socket when walking 

on different terrains. Similar waveforms, in both sagittal and coronal planes, were reported by 

the authors [166]. It is also reported that, no difference was found in the peak to peak values 

of the femoral motion relative to the socket. However, in sagittal plane, less femoral motion 

was observed from IC to approximately TS phase when walking on a descending surface, 

compared to that on the ascending surface. 

 

Figure 2.42: Femoral movement relative to the socket when walking on different terrains in (a) sagittal plane, 
flexion is defined as positive and in (b) coronal plane, abduction is defined as positive. Raw data was extracted from 

Convery and Murray [166] using WebPlotDigit. 

2.6.3 3D motion at trans-tibial residuum/socket interface 

Table 2.4 shows the 2D and 3D motions obtained at socket interface. 16 studies were identified 

for the assessment of 3D motion at the trans-tibial socket interface, 10 of them are limited to 

static loading conditions while the other six studies were from two research groups. For most 
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of the static study, a medical imaging technique was chosen as means to quantify residuum 

movement in relation to socket. 

Static weight bearing results 

For this type of study, a reference zero was typically chosen during non-weight bearing 

condition, the subsequently tibial movement in full-weight bearing posture was reported based 

on this reference value. For the tibial translational movement, displacement in a range between 

16mm [83] and 22mm [156] was obtained in anterior-posterior direction. In medial-lateral 

direction, tibial movement of up to 6mm [83] was reported from only one study. Up to 35mm 

of tibial axial movement was also measured [83]. When changing postures, including IC posture, 

TO posture and full weight bearing posture, up to 1mm difference was observed in tibial vertical 

displacement. It is worth noting that the angular movement of the distal tibia ranges from 0.7° 

[155] to 8° [83]. This large variation may potential results from the different imaging equipment 

used and protocols used for defining tibia angle in relation to the socket. It is also worth noting 

that for all static studies, PTB socket was used, which is not commonly used now in prosthetic 

clinics. Cautions needs to be taken when comparing these results with the ones obtained in 

recent studies. 

Apart from the weight bearing activities, tensile force was applied to the prosthesis by hanging 

weights at 30N, 60N and 90N to simulate the force experienced during swing phase. 14mm, 

17mm and 18mm of elongation of the residuum were reported [78], at the three tensile force. 

However, this method is questionable as it neglects the contribution of muscle functionality in 

the prosthesis suspension. Therefore, the results obtained using this technique may be an over-

estimation. In order to evaluate the performance of the prosthesis in swing phase, a more 

natural swing trial may be needed. It is also worth noting, when the tensile force change from 

30N to 60N, 3mm of residuum elongation was reported. Whereas only 1mm elongation was 

measured when tensile force increased from 60N to 90N. This reduction in the elongation at 

higher tensile load may suggest complex visco-elastic behaviour of the interface. 

Two of the studies highlighted the reduction (up to 80%) in tibial vertical movement in using 

the suction suspension, compared with strap suspension [83] [154]. This may suggest that, in 

static condition, suction suspension offers better suspension, comparing to the strap 

suspension technique. Apart from the evaluation of the suspension technique, choice of liner 

was also assessed. In comparison of the cushion line, a suction liner revealed a 3mm reduction 

during weight bearing activities [168]. 
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Dynamic walking results 

Papaioannou reported, as one of the dynamic studies, up to 151mm and 15mm of dynamic 

tibial motion when performing stepping down and fast stop activities, respectively. The results 

obtained in this study is questionable as 151mm of the tibial axial movement was measured 

with a mean stump length of 148mm. This is equivalent to the de-attachment of the whole 

prosthetic from the residuum. Therefore, the reliability of the study may be considered when 

performing comparisons. It is also worth noting that no level walking data was reported from 

this research group. Apart from the results obtained when performing stepping down and fast 

stop, the 3D translational motion during cycling was also reported with an instrumented socket. 

Up to 4mm of axial and sagittal translation of the residuum was reported. When switching from 

cuff suspension to pin suspension, a reduction of 2mm of axial movement was evident. 

Childers and Siebert [169] reported the only study involving the movement of the residuum in 

relation to socket during level walking activities, using 3D motion capture system. Up to 3° of 

tibial flexion movement from IC to mid-stance phase, which is recovered just before TO. In 

addition, up to 15° of tibial flexion was evident during the swing phase. With regards to 

residuum axial motion, little movement was observed in the stance phase and 30mm was 

measured during swing phase. It is therefore evident that most of the residuum motion relative 

to the socket occurs during swing phase. In addition, as it is the only study reporting the 

kinematics at trans-tibial socket interface, more work is needed to study on a larger cohort of 

amputees. 

Issues and limitations 

 Only one dynamic study focusing on interface kinematics during level walking. 

 For results obtained upon static trials, large inter-study variation was evident. This 

could due to the use of different imaging equipment and protocols for analysing the 

image data. 

 There is a lack of reliability study on all the techniques. 

 The sensitivity of the technique on other clinical parameters, such as walking speed, 

terrain, prosthetic components, has not been studied. 
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Table 2.4: Selected reports on interface relative movement for trans-tibial amputee 

Techniques Author Year Type Subject and Prosthesis Residuum/socket interface relative movement 

x-ray radiograph Erikson [154] 1973 static 
TT (n=22) 
PTB socket 

Tibia vertical movement relative to distal end of socket 

 Strap suspension: 22.5mm 

 Suction suspension: 11mm 

x-ray radiograph Erikson [155] 1975 Static 
TT (n=22) 
PTB socket 
 

Comparing with the tibial positon relative to distal end of 
socket obtained at no weight bearing: 

 10.5mm change at IC posture 

 11.3mm change at full weight bearing posture 

 10.4mm change at TO posture 
 

 1.7° change at IC posture 

 1.4° change at full weight bearing posture 

 0.7° change at TP posture 

x-ray radiograph Lilja [156] 1993 Static 
TT (n=7) 
PTB socket 

Tibia AP and PD movement relative to socket 

 AP: 22mm  

 PD: 28mm 

SXCT Commean [153] 1997 Static TT (n=1) 

Skin slippage and tibia movement relative to socket, under 
133.5N of compressive load: 

 Skin slippage: 2-6mm 

 Tibia movement: 10mm vertical movement 

SXCT Commean [152] 1998 Static TT (n=1) >7mm of skin deformation 

x-ray video 
fluoroscope 

Bocobo [174] 1998 Static TT (n=2) 
Methodology study, highlighting the feasibility of using x-
ray videofluroscope 

x-ray radiograph Tanner [158] 2001 Static TT (n=1) 
Neoprene sleeve suspension has 18mm more tissue 
displacement than silicone suction suspension 
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Techniques Author Year Type Subject and Prosthesis Residuum/socket interface relative movement 

x-ray radiograph Söderberg [83] 2003 Static TT (n=1) 

Tibia vertical movement relative to distal end of socket 

 PTB strap suspension :35mm 

 Suction suspension: 7mm 
Tibia AP and ML movement relative to socket 

 AP: 16mm 

 ML: 6mm 
Tibia rotation relative to socket 

 Up to 8° 

Instrumented 
socket 

Sanders [170] 2006 Dynamic 
TT (n=1) 
PTB socket 

Residuum vertical displacement relative to socket 

 Up to 41.7 mm  

DRSA Papaioannou [163] 2009 Dynamic TT (n=1) 

Strain and skin displacement during FS and step down SDo 
with active vacuum suspension:  

 FS: 18% of strain or 15mm skin displacement 

 SDo: 10% strain or 12mm skin displacement 

DRSA Papaioannou [164] 2010 Dynamic TT (n=10) 

Skin-socket and skin-skin slippage during FS and SDo:  

 Skin-socket: 151mm for FS and 19mm for SDo 

 Skin-skin: 10mm for FS and 24mm for SDo 

DRSA Papaioannou [165] 2010 Dynamic TT (n=3) 
Vertical displacement between liner and socket: 

 Increased by 16% when vacuum pump de-activated 

2D motion capture Gholizadeh [78] 2011 Static 
TT (n=5) 
Silicone liner and 
shuttle lock 

Residuum vertical displacement relative to socket (value 
expressed with reference to full weight bearing) 

 Non-weight bearing: 10mm 

 30N tension: 14mm 

 60N tension: 17mm 

 90N tension: 18mm 

Instrumented 
socket 

Childers [171] 2012 Dynamic TT (n=2) 

Residuum displacement relative to socket during cycling 

 PD: 2mm (pin) and 4mm (cuff) 

 AP: 4mm both suspension techniques 
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Techniques Author Year Type Subject and Prosthesis Residuum/socket interface relative movement 

3D motion capture Gholizadeh [168] 2012 Static TT (n=6) 

Residuum vertical displacement relative to socket 

 Seal-In liner: 0mm in full, half and non-weight 
bearing posture. 1mm, 1mm and 2mm change in 
displacement when 30N, 60N and 90N of tension is 
applied, respectively. 

 

 Dermo liner: 0mm, 2mm in full, half and non-
weight bearing. 2mm, 4mm and 5mm of change in 
displacement when 30N, 60N and 90N of tension is 
applied, respectively. 

3D motion capture Childers [169] 2016 Dynamic TT (n=1) 
TSB socket 
Silicone liner 
Pin lock suspension 

Residuum movement relative to socket during level walking 

 Vertical translation: 30mm 

 AP translation: 18mm 

 Sagittal rotation: 15° 

Abbreviations: TT=trans-tibial amputee; PTB=patella tendon bearing socket; IC=initial contact; TO=toe-off; AP=anterior-posterior; PD=proximal-distal; 
SXCT=spiral X-ray computed tomography; TF=trans-femoral; ML=medial-lateral; DRSA= dynamic roentgen stereogrammetric analysis; FS=fast top; 
SDo=step down 
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2.7 Residuum/socket interface kinetic assessment 

In this section, techniques used for the assessment of residuum/socket interface kinetics will 

be described with its corresponding limitations. This is followed by the description of the results 

obtained from these techniques on both trans-tibial and trans-femoral amputees. 

Subsequently, the state-of-the-art understanding of the interface kinetics will be critiqued. 

2.7.1 Reported sensor techniques 

A number of sensors have been developed to measure the stresses at the residuum/socket 

interface. It is most convenient to discuss each separately. 

Strain-gauge based diaphragm sensors 

For this type of sensor, strain gauges (SG), in a bridged configuration, are adhered to a 

deformable diaphragm. Upon exerting the pressure on the diaphragm, the diaphragm deforms 

which, in turn, changes the resistance in the SGs. The pressure, hence, can be correlated to the 

change in the resistance. This type of sensor commonly adopts the shape of flat cylinder disc, 

with diameters ranging from 3.2mm [175] to 6.4mm [176]. Indeed, the commercial KuliteTM 

sensor system is often used by researchers for clinical measurement of pressure at 

residuum/socket interface [9, 175, 177, 178]. However, SG-based sensors are not sensitive to 

monitoring shear stresses. It is well known that high sensitivity is one of the advantage of this 

type of sensing mechanism, which could potentially eliminate the usage of amplification, 

reducing the complexity of the electronics involved in the data acquisition system. In addition, 

this type of sensor is of small weight, adding minimum weight to the existing prosthesis. 

However, when placed against the liner/skin, discomfort has been reported by amputees due 

to it high rigidity. From a researcher perspective, its high rigidity can lead to stress 

concentrations, which cause measurement errors of up to 85% of full-scale output [179, 180]. 

In order to reduce the discomfort and stresses concentration issues, sensors can be placed 

flush with the socket or at socket/skin interface. However, this requires the manufacturing of 

an instrumented socket (Figure 2.43a), which limits its use in clinical settings. 
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Figure 2.43: (a) An image of an instrumented socket, with strain gauge based diaphragm sensor mounted in flush 
to the socket wall. Image adapted from Apoldt and Bennett [176]. (b) Two examples of different sizes of TekScan 

FRSs. 

Force sensing resistors 

The force sensing resistor (FSR) is a resistance-based sensor. It incorporates a layer with printed 

carbon-based ink, conductive substrate layer and a spacer layer separating the two, with a total 

thickness of approximately 0.1mm. Upon application of a force, the link layer starts to contact 

with the conductive layer, thus reducing the resistance. The magnitude of the force can then 

be correlated to the resistance change between the ink layer and conductive layer. Commercial 

pressure sensing systems, such as TeckscanTM, adopt this type of sensing mechanism and 

produce sensor arrays (Figure 2.43b) suitable for different applications, including measuring 

pressure at the residuum/socket interface. However, FSR technology is not capable of 

measuring shear forces. 

FSR provides distinct advantages when comparing to other sensor systems, including: 

 Thin profile and flexibility, thus reducing the measurement error due to localised stress 

concentrations. 

 High spatial resolution involving 96 sensor cells in 203mm by 76mm sensing area, 

which gives approximately 0.6 sensor cells per square centimetre [181]. 

 Appropriate measurement ranges up to 517kPa of pressure [181]. 

 Appropriate sampling frequency of up to 165Hz, which is adequate for measurement 

of dynamic stresses during gait cycles [182]. 

In addition, TekScanTM report the sensor system performance in their commercial datasheet 

[183], including ±3% linearity error, ±2.5% repeatability error, up to 4.5% hysteresis error and 

up to 5% of drift error. However, inconsistency in these parameters were reported by 

laboratory-based tests. Indeed, on a flat bed, the FSR showed hysteresis and drift error of up 
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to 24% and 12%, respectively [182]. In addition, on a curved surface, accuracy, hysteresis and 

drift error amounted to 11%, 42% and 33%, respectively [182]. Furthermore, the typical 

TekScan system used by prosthetic researchers, F-SocketTM, cost as much as $10,000, limiting 

its widespread use in prosthetic clinical settings. 

By implementing the similar sensing mechanisms, pressure sensitive textiles have been 

developed by Infi-tex Ltd. and Sensing Tex Ltd. Instead of using rigid conductive substrates like 

FSRs, conductive fabrics has been used. The use of fabric greatly reduces the rigidity of the 

sensor, which is favourable when inserting at the tight residuum/socket interface. This could 

minimise the discomfort resulting from the rigid substrates. However, the technical 

specification are not available in the public domain, which makes it difficult to assess suitability 

for application at the residuum/socket interface for lower limb amputees. 

Magneto-resistive and piezo-resistive sensor 

Building on top of the SG-based diaphragm sensor, magneto-resistive components have been 

added in order to measure shear forces at residuum/socket interface [10]. There are two 

magneto-resistive elements, one for shear X measurement and one for shear Y measurement, 

separated by a rubber disc and a magnet (Figure 2.44a). Upon application of shear, relative 

displacement occurs between the magnet and coil, which, in turn changes the magnetic 

properties in the magneto-resistive element, inducing resistance changes. The magnitude of 

shear can then be correlated to the change in resistance in the magneto-resistive element. The 

pressure sensing technique is similar to that described in SG-based diaphragm sensor as shown 

in Figure 2.44b. The sensor system reported has a thickness of 4.9mm and a diameter of 

16mmm mounted within the socket wall. 

 

Figure 2.44: (a) An exploded view of parts responsible for shear measurement in a magneto-resistive sensor and (b) 
strain gauge based sensor responsible for pressure measurement in a magneto-resistor sensor. Image adapted 

from [10]. 
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Sensor Product Inc. has developed Tactilus® Surface Pressure Mapping Technology that is 

capable of measuring pressure, based on a piezo-resistive mechanism. The Tactilus mat system, 

of 0.3mm thickness, has a measurement range of 0-1398kPa and a measurement frequency of 

up to 1000Hz. Its thin profile and measurement rate is suitable for the load measurement at 

residuum/socket interface. However, to author’s best knowledge, no study has used this 

technology to assess interface loading in lower limb amputees. It is also worth noting that, such 

system is only capable of measuring pressure and is insensitive to shear stresses. 

Capacitive sensors 

The capacitive sensors utilise electrodes separated with a flexible material, which form a 

capacitor. Upon application of a normal load, the distance between the two electrodes is 

reduced, thereby inducing a change in capacitance. In the commercial field, NovelTM Pliance is 

one of the typical pressure sensing systems, which can be applied at the residuum/socket 

interface. The system presents a promising utilisation with its high flexibility, thin profile and 

multiple sensor array. Up to 16 sensors are included in one mat and the system can support up 

to 16 mats. However, similar to TekscanTM, only pressure can be measured by the NovelTM 

device. 

Researchers have developed capacitive sensing systems that are capable of measuring both 

pressure and shear simultaneously [184-187]. Most of them, however, still employ costly 

materials and manufacturing techniques such as, Polydimethylsiloxane (PDMS) and moulding. 

Additionally, due to the use of polymer-based materials, their hyper-elastic properties may 

cause non-linearity, while the material viscoelasticity may result in hysteresis, each of which 

need to be accounted for during appropriate sensor designs. 

Issues and limitations of current stress sensing technologies 

From a clinical perspective, a stress sensing system is needed to provide a consistent way to fit 

into a socket, combined with experience from a prosthetist. This could minimise the variations 

in socket fit quality at the initial socket fitting stage. For example, interface stresses at key load 

bearing and relieving locations can be monitored, which guides a prosthetist during the fitting 

process. During subsequent daily activities, the stress sensing system can also be used as a 

monitoring device. For example, if excessive load was experienced at load relieving locations, 

warning signals can be provided to an amputee and subsequent intervention can be conducted. 

The stress monitoring system can also be used as an input to a smart prosthesis, which changes 

its shape based on the stresses measured at interface. This would potentially reduce the need 
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to visit a prosthetic clinic and minimise the risk of damaging stump tissue. It is also well known 

that both pressure and shear stress are critical in assessing tissue viability. Pressure ulcers and 

friction blisters can be directly associated with the multi-directional loads experienced at the 

interface. A comprehensive understanding of the interface kinetics, which underpins the socket 

design, fitting and stump tissue loading, is required. The use of an interface sensing technique 

provide a direct measure of interface kinetics. 

Little was found in the existing literature that reported an appropriate interface stress sensing 

system that can be applied at the body-machine interface. For most of the studies, pressure 

sensors have been used, for example, TekScan F-Socket system. However, high hysteresis and 

drift error has been reported, which is not favourable when measuring dynamic stresses during 

gait. In addition to these limitations, the high cost associated with existing pressure sensor 

limits its frequent use in prosthetic clinics. Multi-directional stress sensors have also been 

reported in the literature. These stress sensors involve costly manufacturing techniques and 

the consistency between each of the sensor cannot be guaranteed. In addition, an 

instrumented socket, involving drilling holes on socket wall, needs to be manufactured. This 

could largely limit its use for monitoring purpose during daily activities. Furthermore, some of 

the sensors are bulky and rigid and when used at the tight socket interface, can lead to stress 

concentrations and discomfort. This will introduce inaccuracies of the measurement and at the 

same time, gait biomechanics could be altered due to the discomfort. Most of the multi-

directional stress sensing systems remain as a research tool. This is because it requires large 

amount preparation work, such as the manufacturing of an instrumented socket before taking 

measurements. To characterise the multi-directional stresses at the residuum/socket interface, 

a sensor system that is capable of measuring both pressure and shear stresses simultaneously 

is needed. In addition, the sensor needs to be thin and flexible, which is critical for socket 

comfort purpose.  

2.7.2 The unique multi-directional stress sensing system 

TRIPS sensor system 

In the University of Southampton, a multi-directional stress sensing system has been developed, 

which is capable of measuring pressure and two orthogonal components of shear stress acting 

at body/machine interface. The mechanism of the system is based on the change in capacitance 

upon application of both normal and tangential loads. The development of the sensor system 

was conducted by researchers from the University of Southampton and Chas A Blatchford & 

Sons Ltd. Three generations of sensor systems were designed, manufactured and characterised 
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in both laboratory and clinical settings. These were available for the current PhD project. Its 

design, manufacturing and characterisation of the sensor system is presented in Chapter 3. 

Pilot amputee test 

Pilot experiments were conducted on a single knee-disarticulation amputee, involving walking 

on level [188] and inclined surfaces. Dr. Piotr Laszczak, Dr. Michael McGrath, Dr. Jiangliang Gao 

participated this pilot study. 

Three sensors were positioned at the anterior proximal, posterior proximal and distal end of 

the stump (Figure 2.45). The sensors were adhered to the outer surface of a liner with double-

sided tape. To prevent damage to the sensors, a protective gel pad was placed between the 

sensor and the socket. During the tests, sensor signals corresponding to pressure, longitudinal 

and circumferential shear were simultaneously collected from all three sensors with a 100Hz 

sampling frequency. The participant was requested to walk at a self-selected speed on a level 

surface, as well as ramped surface (8 °). On each terrain, the participant was asked to traverse 

the walkway/ramp until at least 15 steps were recorded. 

 

Figure 2.45: Positioning of the sensors during the preliminary amputee test. 

When walking on level surfaces, approximately 30kPa and 3kPa of pressure and longitudinal 

shear were recorded at the anterior-proximal location, respectively. Up to 38kPa and 9kPa of 

pressure were recorded at the posterior-proximal location, respectively. The increasing trend 

of the longitudinal shear during early stance phase indicates that the residuum was pushed into 

the socket. The decreasing trend observed during TS phase suggested that the residuum was 

pulled out of the socket. It is worth noting that the circumferential shear obtained at the two 

proximal locations are small (<2kPa). Up to 80kPa, 20kPa and 3kPa of change in pressure, 
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longitudinal and circumferential shear were recorded at the anterior-distal location of the 

residuum (Figure 2.46c), respectively. 

 

Figure 2.46: Stresses measured at (a) anterior-proximal, (b) posterior-proximal and (c) distal location of the 
residuum, as a function of time. 

Up to a 5% increase and a 4% decrease in posterior-proximal pressure were evident in early 

stance phase, when walking on descending and ascending surfaces, comparing to that during 

level walking. Corresponding changes in the TS phase were up to a 3% decrease and a 4% 

increase in posterior-proximal when walking on descending and ascending surfaces, 

respectively. Little change was observed in the longitudinal component of shear stresses at the 

posterior-proximal location. 

The results of the pilot walking tests provide preliminary validation of the 2nd generation sensor 

system for measuring dynamic pressure and shear stresses at a knee disarticulation prosthetic 

socket interface. This was encouraging as the complex geometries of trans-femoral and knee 

disarticulation sockets are known to cause many technical difficulties for interface 

measurements. Indeed, stress measurements at the distal region are frequently limited to 

transducers mounted within the socket wall [189, 190], due to interference with prosthetic 

knee mechanism, while fluid-filled sensors with over-long tubes have been reported to exhibit 

errors [29] [191]. To the best of our knowledge, simultaneous measurements of pressure and 

shear on knee disarticulation amputees have not been reported previously. 

The pilot amputee tests mentioned were designed to test the performance of the sensor 

system and provide valuable stress profiles on non-trans-tibial amputees, which is currently 
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lacking in the field. Despite the effort made in this amputee test, more work is needed to 

investigate the sensor performance and interface biomechanics to investigate: 

 The biomechanical aspect of the socket interface over a gait cycle. The data need to be 

synchronised with GRF, which is conventionally used to define gait cycles. 

 Stress profiles at key load bearing locations on different days, in order to gain insights 

into variations of the socket fitting. 

 Effect of factors e.g. walking speed and terrain, on the interface stresses need from a 

biomechanical point of view. 

 The validity of use of the sensor system with trans-tibial amputees at loading bearing 

regions, which may be susceptible to tissue damage.  

2.7.3 Multi-directional stresses at residuum/socket interface 

Interface stresses at the trans-femoral socket interface 

The conceptualised biomechanics between the residuum and the socket was first outlined by 

Radcliffe for trans-femoral amputees [44], as shown in Figure 2.47. For a trans-femoral socket, 

the majority of the body weight should be supported by the ischial tuberosity and with minor 

loads born by the flare of the anterior socket brim. Distal loading needs to be avoided, in order 

to prevent the stump oedema.  

 

Figure 2.47: A representation of Figure 2.6, illustrating the conceptualised loading at residuum/socket interface for 
trans-femoral amputee. Image adapted from [44]. 

At IC, the socket should provide considerable support at anterior socket brim area to prevent 

the ischium from sliding forwards and downwards. It is also anticipated that the femur should 

press posteriorly against the posterior-distal soft tissues to maintain knee stability. In TS, the 

femur should move anteriorly against the anterior-distal soft tissues to initiate the knee flexion 
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in swing phase. At the same time, the ischial seat must provide sufficient support of body 

weight, resulting in high pressures at the posterior-proximal location. 

As a special group of trans-femoral amputees, Hughes outlined the socket biomechanics of the 

knee disarticulation amputee [192]. Different from trans-femoral sockets, which emphasis the 

load bearing at ischial region, knee-disarticulation socket is designed to support the body 

weight in distal regions (Figure 2.48). Therefore, socket movement relative to femur is more 

evident at distal location for trans-femoral amputees. While proximal socket movement 

relative to the femoral head is more pronounced. In early stance phase, to maintain the stability 

of the limb, the GRF vector should pass in front of the knee rotational centre, avoiding knee 

flexion. Consequently, the socket must be designed to allow loading bearing at posterior-distal 

and anterior-proximal locations. In swing phase, the force acting on the residuum tends to pull 

the socket away from the residuum. However, this is not always the case as the pulling forces 

may be balanced by the fitting the socket over the flare the femoral condyles. 

 

Figure 2.48: Comparison of trans-femoral (Left) and knee-disarticulation (right) socket with the rotational effect 
about of the point of support. Image adopted from [192]. 

The socket interface biomechanics, described by Radcliffe and Hughes, are the only two studies 

that provide the combined assessment of interface kinematics and kinetics. This is largely due 

to the lack of means to provide in-situ dynamic measurement of the residuum motion (Section 

2.6.1) and stresses at socket interface, without the disruption of dynamic ambulation. In the 

majority of the studies, only one assessment, either kinematics or kinetics, was provided. 

Apart from the conceptualised mechanics at residuum/socket interface of trans-femoral 

amputee, to author’s best knowledge, up to nine reported studies have focused on the 

characterisation of interface kinetics for trans-femoral amputees [176, 188, 193-196] using 

direct measurement. Among them, four of the studies obtained experimental stress 

measurements from amputee participants, four studies used Finite Element Analysis (FEA) 

techniques as an estimation of stress profile over the residuum and the final study from the 
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1970s is based on the conceptualised guesswork. Peak stress, as one of the most important 

parameters in assessing the socket interface kinetics, is often quoted as an outcome measure 

to indicate the socket fitting qualities and as an indication of potential tissue damage. 

Appoldt [176] reported a peak pressures of up to 8p.s.i (approximately 55kPa) at the posterior-

proximal location of the residuum of a trans-femoral amputee. A separate transducer, sensitive 

to tangential stresses, was developed by the group and peak shear stress in a range of 1-3.6p.s.i 

(approximately 7-25kPa) were obtained at the anterior-distal location of the residuum [193] on 

two trans-femoral participants. A similar magnitude of peak pressure (58kPa) and longitudinal 

shear stress (27kPa) was obtained by Laszczak et al [188] at the posterior-proximal location and 

anterior-distal location, respectively. Lee et al [194], however, reported slightly higher peak 

pressure, in the range of 70-90kPa, at both the ischial tuberosity and lateral mid limb location 

of the residuum. 

Apart from the experimental measurement using transducers, FEA is also common in 

characterising interface kinetics. Peak pressure, longitudinal shear stress and circumferential 

shear stress of 4kPa, 1.4kPa and 0.6kPa were predicted due to donning of the socket [195]. 

When simulating the stress profiles during walking, peak pressure of up to 119kPa, 90kPa and 

101kPa were obtained at ischial bearing areas during foot-flat, mid-stance and heel-off phases 

of the GC [196], respectively. The corresponding longitudinal and circumferential shear stresses 

were approximately 26kPa and 104kPa, respectively, at the posterior-proximal region of the 

residuum. 

As a summary, peak pressures and shear stresses within a range of 55-119kPa and 4-104kPa 

was reported, respectively, based on eight studies involving 12 participants. Of eight of the 

studies, three [176, 188, 194] presented the dynamic profiles of the stresses measured 

experimentally at the residuum/socket interface. Each of these reported the typical double-

hump waveform in both the temporal profiles of pressure and shear. The first peak was 

reported to occur at the loading response of the gait cycle and the second peak was typically 

observed at TS phase of the gait cycle. 

Interface stresses at the trans-tibial socket interface 

The conceptualised biomechanics between the residuum and the socket was also first outlined 

by Radcliffe for trans-tibial amputees [3]. Force and moment diagrams were used to analyse 

the anticipated stress profile at residuum/socket interface with the aid of the GRF vector. 
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For trans-tibial amputees, at IC, the knee stability is maintained by active hip extension 

mechanics. The knee is forced to extend due to the external load exerted by the socket, as 

shown in Figure 2.49a. In the mid-stance phase, the GRF vector passes through the region, 

posterior to the KJC. In this case, if the knee is completely relaxed, a buckling effect might occur. 

However, an amputee can resist the buckling tendency by actively extending the knee, resulting 

in the loading pattern shown in Figure 2.49b. Stresses are expected to concentrate at the 

anterior-distal, patella-tendon and popliteal regions of the residuum. During the TS phase 

(Figure 2.49c), as the GRF vector still passes through the posterior region of the KJC, similar 

stress concentration regions are anticipated to those in mid-stance phase. However, as the 

amputee starts to initiate the swing phase, the knee extension becomes dominant. This may 

result in an increase in stresses at the anterior-distal region to ‘kick’ the prosthesis, initiating 

the swing. At the same time, the stresses at the patella-tendon would be reduced due to the 

active knee extension. 

 

Figure 2.49: Conceptualised loading profile at residuum/socket interface at (a) initial contact, (b) mid-stance and (c) 
TS phase of a GC 

One FEA study reported a similar stress profile, induced by the interaction between the 

residuum and the socket [128]. High pressure magnitudes were predicted at anterior-proximal 

and posterior-distal locations, with an associated decrease in pressure in anterior-distal and 

posterior-proximal locations. In TS phase, the pressure profile was the opposite. 

To gain insight into the stresses developed over the residuum/socket interface, the 

characterisation of wave-shapes of normal and shear stresses is critical. Sanders and colleagues 
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[197] categorised these into five events in stance phase, based on the pressure and shear 

measurements on various regions of the residuum (Figure 2.50). 

 

Figure 2.50: Waveform of the interface stresses observed in stance phase. Image adopted and edited from [197]. 

Loading delays: this represents the fact that an increase in stress at the transducer sites was 

not recorded immediately at IC, particularly evident at anterior locations. This loading delay is 

probably caused by the residuum axial/pistoning motion and the resultant shank force. The 

typical amount of loading delay ranges from 4% to 12% of stance phase, which is anteriorly-

directed. 

High-frequency events: marked as Early Wrinkle and Late Wrinkle in Figure 2.50. After IC, high 

frequency events typically occur during the loading response of the GC. However, it may not 

be present at all sites of the stump. There are several possible reasons that contribute to the 

presence of these events including, the foot being forced too fast to transfer to foot flat, 

deformation of the prosthetic heel spring, muscle activation and slippage at the interface. 

Stability during ambulation could be compromised if excessive high-frequency events are 

presented. 

1st Peak: 1st peak usually occur after the high-frequency events. Timing of this peak at different 

locations, in the same step, may not be exactly the same. It is proposed that the difference in 

timings could be attributed to the non-linear viscoelastic behaviour of the residuum tissues. 

Valley and 2nd peak: Valley and second peaks have relatively low frequency content compared 

to those in early stance phase. 

Push-off: just before TO, the residuum/socket interface will be unloaded, which was not simply 

the reverse of that immediately after IC. During unloading, the results shear vectors were not 

opposite in magnitude and direction from the loading resultant shear vectors. 



Chapter 2 Literature review 

 

71 | P a g e  
 

Issues and limitations 

Despite the many studies involving trans-tibial amputees using different transducers, there are 

very few consistent findings. In the case of the PTB socket, four sites of high pressures were 

identified, namely, the patellar tendon, popliteal fossa, medial flare and fibular head. Among 

these regions on the residuum, the patellar tendon usually exhibits highest pressure at TO. 

Medial areas are less well examined, due to risk of making contact with the contra-lateral limb 

by a transducer.  

Inconsistencies in reported results were observed, indicating large inter-study variability. For 

example, the mean and SD pressures at the patellar-tendon was 165±99kPa and 235±229kPa 

for the kick point region of the residuum. The pressure profiles at residuum/socket interface 

was found to be similar for amputees fitted with TSB and PTB sockets, although less 

pronounced peaks with lower magnitude were observed with TSB socket. Generally, in the PTB 

socket peak pressures reached values above 300kPa, while corresponding values in the TSB 

socket rarely exceeded 200kPa. In addition, variation in weight of the amputee may also 

contribute to the inconsistencies in the peak stress observed across studies. None of the studies 

reports the normalised stress values, possibly due to the lack of understanding of the factors 

that underpin the both temporal profiles and stress magnitudes. A comprehensive 

understanding of interface stresses is clearly needed and this could influence the choice of 

parameters. This, in turn, could aid the comparison between studies from different research 

groups. 

Kick point, fibular head, popliteal fossa and posterior mid-tibia regions are frequently quoted 

as highly subjected to shear. There is no consistency in shear direction and magnitude. 

According to Sanders and colleagues [198] more than 65% of transducer sites were exposed to 

less than 10kPa of shear, while peak shear stresses may reach up to 80kPa. Studies have shown 

that shear stress distribution does not follow pressure distributions. The shear stresses are 

much more localised, thereby exposing part of the stump tissue to tensile forces [198]. 
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Table 2.5: Selected reports on residuum/socket interface pressure and shear measurement 

Techniques Author Year Type Subject 
Pressure and shear measurement 

Key statements Peak values and where 

SGD Rae [177] 1971 P TT (n=26) 
Significant change in pressure due to different types 
of liners 

P: Anterior distal (517kPa) 

SGD Pearson [9] 1973 P TT (n=10) 
Determined anterior-distal region as the sensitive 
region to alignment perturbation 

P: Anterior distal (410kPa) 

SGLS Katz [199] 1977 P TT (n=1) Correlation between pain threshold and pressure P: no pain (308kPa) 

SGD Winarski [200] 1987 P TT (n=2) 
Correlation between the socket moment and 
interface pressure 

P: Posterior (320kPa) 

FSR Engsberg [201] 1992 P TT (n=2) Pressure difference between an adult and a child  P: PTB (120kPa) 

SGB+SGD Sanders [202] 1992 P+S TT (n=3) 
First study, measuring combined pressure and shear 
stress 

P: 205kPa 
S: 54kPa 

MR Williams [10] 1992 P+S TT (n=1) Measurement of combined pressure and shear 
P: Lateral (165kPa) 
S: Popliteal fossa (35kPa) 

SGB+SGD Sanders [189] 1993 P+S TT (n=3) 
Reported generalised pressure and shear 
waveforms 

P: Anteriorial medial mid limb 
(185kPa) 
S: Anteriorial medial mid limb 
(45kPa) 

SGB+SGD Sanders [203] 1997 P+S TT (n=2) 
More on the generalised pressure and shear 
waveforms 

P: anterior medial distal (224kPa) 
S: anterior lateral distal (60kPa) 

MR Zhang [204] 1998 P+S TT (n=5) Pressure and shear waveform characterisation 
P: Popliteal fossa (320kPa) 
S: Anterior medial mid limb 
(61kPa) 

FSR Convery [205] 1998 P TT(n=1) Pressure distribution in hydrostatic socket P: Patella tendon (417kPa) 

SGB+SGD Sanders [206] 1998 P+S TT (n=1) 
Significant change in pressure and shear due to 
socket alignment 

P: Anterior lateral mid limb 
(215kPa) 
S: Anterior medial mid limb 
(80kPa) 

SGB+SGD Sanders [74] 1998 P+S TT (n=3) 
Significant change in pressure and shear due to foot 
alignment 

P: Lateral (186kPa) 
S: Anterior medial distal (47kPa) 

FSR Convery [205] 1999 P TT (n=1) 
Significant change in pressure due to socket shapes 
(PTB and PCast) 

P: Patella tendon (417kPa) 



Chapter 2 Literature review 

 

73 | P a g e  
 

Techniques Author Year Type Subject 
Pressure and shear measurement 

Key statements Peak values and where 

SGD+SGB Sanders [198] 2000 P+S TT (n=3) 
No significant change in peak stress due to cadence 
and componentry configurations 

P: Popliteal fossa (160kPa) 
S: Anterior-medial mid limb 
(27kPa) 

FSR Beil [207] 2002 P TT (n=9) 
Significant change in peak stresses due to 
suspension technique (suction and vacuum assisted) 

P: medial mid limb (155kPa) 

SGD+SGB Sanders [208] 2002 P+S TT (n=2) 
Significant alteration of peak stresses due to weight 
loss and stump volume fluctuation 

P: Popliteal fossa (173kPa) 
S: Posterior mid limb (36kPa) 

Cap Chou [209] 2003 P TT (n=15) 
No significant change of peak stresses due to 
change in walking speed 

P: Medial condyle (286kPa) 

SGD Goh [210] 2003 P TT (n=4) 
Pressure distribution in PTB socket. Significant 
variation in subjects’ AP and ML pressure profile 

P: Popliteal fossa (110kPa) 

SGD Goh [211] 2003 P TT (n=5) 
Pressure distribution in socket produced by 
pressure cast system. Raised concerns about the 
validity of hydrostatic socket environment 

P: Lateral side (81kPa) 

FSR Seelen [76] 2003 P TT (n=17) 
Significant change in mean stresses due to 
perturbation of ankle alignment 

P: Anterior-distal tibia (75kPa) 

FSR Beil [212] 2004 P TT (n=7) 
Significant change in peak stress due to suspension 
techniques (pin and suction), during swing 

P: Medial mid limb (26.7kPa) 

SGD+SGB Sanders [190] 2005 P+S TT (n=2) Significant change in stresses across 6 months N/A 

Cap Dou [213] 2006 P TT (n=1) 
Pressure distribution when walking on stairs, slops 
and non-flat road 

P: Patella tendon (216kPa) 

FSR 
Dumbleton 
[214] 

2009 P TT (n=48) 
Significant change in peak pressure due to tow of 
the socket manufacturing techniques (hands-on and 
hands-off) 

P: Anterior (110kPa) 

Cap Wolf [215] 2009 P TT (n=16) 
Significant change in pressure profile due to the use 
of micro-processor controlled foot 

P: Posterior mid limb (228kPa) 

FSR Ali [216] 2012 P TT (n=9) 
Significant change in pressure profile due to the use 
of two liners 

P: Anterior mid limb (87kPa) 

SGD Sewell [217] 2012 P TT (n=1) Prediction of pressure using artificial neural network P: Lateral mid limb (486kPa) 

FSR Ali [218] 2013 P TT (n=11) 
Significant change in peak pressure when engaging 
stairs, using two different liner 

P: Popliteal fossa (82kPa) 

FSR Yeung [219] 2013 P TT (n=5) 
Significant change in peak pressure during long 
distance walking 

P: Patella tendon (2.39kPa/kg) 
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Techniques Author Year Type Subject 
Pressure and shear measurement 

Key statements Peak values and where 

Cap Shiraz [220] 2014 P TT (n=1) 
Significant change in peak pressure due to ankle 
alignment change 

P: Popliteal fossa (500kPa) 

FSR Eshraghi [221] 2015 P TT (n=12) 
Signiant change in peak pressure when engaging 
stairs and ramps 

P: 70kPa (no indication of where) 

Cap Safari [222] 2015 P TT (n=6) 
Correlation between socket comfort and interface 
pressure 

P: Patella tendon (160kPa) 

FSR 
Gholizadeh 
[223] 

2016 P TT (n=1) 
Significant change in pressure due to difference 
suspension techniques (pin and Velcro) 

P: Proximal (120kPa) 

Abbreviations: SGD=strain gauged diaphragm based sensor; SGB=strain gauge based beam type sensor; TT=trans-tibial amputee; TF: trans-femoral amputee; P=pressure; 

S=shear; FSR=force sensing resistor; Cap=capacitance based sensor; Pe=piezoelectric based sensor; SGLS=strain gauge based load socket; MR=magneto—resistive sensor; 

FF=fluid filled sensor 
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2.8 Summary 

A lower limb residuum/socket interface is a complex mechanical and biological system involving 

the residuum, liner and socket with different compliances (Section 2.1.4). The biomechanics of 

amputee walking showed significant differences when compared to an able-bodied cohort 

(Section 2.4.4). This is primarily due to the change in load transfer mechanism (Section 2.5.1) 

in the prosthetic limb with presence of the socket interface. In addition, factors such as walking 

speed, terrain, and prosthetic components will also alter the load transfer mechanism (Section 

2.5.3), leading to discomfort and loss of stability at the socket interface (Section 2.2). Despite 

the importance of assessing the interface biomechanics, to-date, the association between the 

load transfer mechanism and socket interface kinematics and kinetics is still not clear. This is 

primarily due to the lack of appropriate assessment techniques. 

The current technique used for the evaluation of interface kinematics involves the usage of 

medical imaging equipment; sensors and motion capture (Section 2.6.1). They are either 

expensive, bulky and typically involve the use of an instrumented socket, which limits their use 

in daily activities for continuous assessment and monitoring purposes. Furthermore, the 

majority of studies only provide static data, which limits their use in the assessing dynamic load 

transfer. A comprehensive understanding of interface kinematics would benefit from a 

technique that can provide dynamic data without altering existing prosthesis, which can be 

easily translated to clinical settings. 

Sensors have been developed to assess interface kinetics (Section 2.7.1). However, the devices 

are typically bulky, adding extra weight and length to prosthesis. Despite the importance of the 

role of shear stress acting on the residuum/socket interface, most of studies only report 

pressure values. In addition, the current pressure sensor systems exhibit low repeatability and 

accuracy when applied at residuum/socket interface. To date, only two research groups have 

reported multi-directional stress measurements at the socket interface. A comprehensive 

understanding of interface kinematics would benefit from a sensor system that is able to 

provide both pressure and shear stresses and can be easily integrated into existing prosthetic 

components. 

In this PhD project, a technique for assessing socket interface kinematics will be proposed 

based on 3D motion capture system, which is commonly available in gait laboratory. The TRIPS 

sensor system, developed at the University of Southampton, will be used to provide in-situ 

interface kinetics. The combined interface kinematic and kinetic evaluation would provide a 
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comprehensive understanding of the biomechanics at the residuum/socket interface for lower 

limb amputee.  
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Chapter 3 Key experimental methodology 

A range of methodologies have been involved in this PhD project including the use of a gait 

laboratory equipped with 3D motion analysis system, the TRIPS sensor system and a material 

test machine. The joint mechanics of an able-bodied participant, a trans-tibial participant and 

a knee disarticulation participant will be evaluated, using the 3D motion analysis system. The 

in-depth understanding of load transfer mechanism, at lower limb joints, could further aid the 

analysis of socket interface mechanics. An interface kinematic model will be first developed to 

assess the residuum 3D motion relative to the socket. The corresponding interface kinetics will 

be assessed using the TRIPS sensor system. The repeatability and sensitivity of both methods 

will be evaluated by performing repeated tests with different test conditions. The interface 

mechanics will be subsequently analysed by combing the residuum 3D motion and the dynamic 

stress at the socket interface.  

Figure 3.1 provides an overview of the combined usage of gait laboratory and the TRIPS sensor 

system. The gait laboratory incorporates two optical sensor units, infra-red-based markers, and 

an 8m level walkway with a force platform integrated at approximately the half way point 

(Figure 3.1a). Motion analysis software then uses the both marker data and force data from 

the force platform to compute the joint biomechanics (Figure 3.1b). 

 

Figure 3.1: (a) Schematics showing the equipment in the gait laboratory. (b) Functionality of each piece of 
equipment. 

3.1 The 3D motion analysis system 

3D motion analysis system was used to analyse the gait characteristics of both able-bodied and 

amputee participants. Two raw inputs are needed in order to compute the gait biomechanics, 

the marker data from 3D motion capture system and the force data from the force platform. 

The marker data describe the trajectory of the key lower limb anatomical landmarks and the 

force data describes the loads between the foot and the surface of the walkway. The key 

anatomical landmarks, in the form of the marker data, were then used to construct a lower 

limb gait model with linked segment. The position of the linked segments together with the 
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force experienced at one end of the segment chain (foot), were subsequently used to calculate 

the loads at each of the joints (ankle, knee and hip) via an inverse dynamics technique. In most 

of the research involving human gait analysis, a gait laboratory is commonly used. 

For all the data presented in this thesis, the gait laboratory at the Endolite Research Centre, 

Chas A Blatchford and Sons Ltd, was used. The gait laboratory is equipped with Codamotion 

(Charnwood Dynamics Ltd, Victoria Mills, Rothley, LE7 7PJ, UK) 3D motion capture system, a 

force platform (Kistler 9286BA, Kistler Instrument Ltd., Switzerland) and Odin motion analysis 

software. Two types of walkways are also available in the laboratory, including an 8m level 

(Figure 3.2a) and 5° ramped walkway (Figure 3.2b). The force platform was mounted in parallel 

with both walkways in all test conditions. 

 

Figure 3.2: (a) Level and (b) ramped walkway available in the gait laboratory. 

It is worth noting that the force platform was located at approximately half-way point of the 

level walkway. Approximately four steps needed to be taken in order to reach the force 

platform from the starting position. In addition, the force platform was integrated at 

approximately two-thirds of way up the ramped walkway. Up to three steps and six steps need 

to be taken in order to reach the force platform during descending and ascending, respectively. 

3.1.1 3D motion capture system 

The Codamotion 3D motion capture system combines high frequency infra-red-based 

technology and optical correlation algorithms to give the 3D location of a given infrared (IR) 

source. The high frequency IR LED emitter, which can be captured by one or more optical 

sensor units or camera(s), are designed to be enclosed in a black shell, which is commonly 

referred to as a marker. 

Infrared-based markers 



Chapter 3 Key experimental methodology 

 

79 | P a g e  
 

Figure 3.3a and c show two types of IR-based LED markers that have been used to capture key 

anatomical landmarks on the lower limb. The first type, a standard marker (Figure 3.3a), is used 

to calibrate the lab co-ordinate and track the key anatomical landmarks of the foot. Typically, 

three standard markers will be plugged into a marker drivebox (Figure 3.3c), which provides 

power and assigns a name to each of the marker. The second type of marker, termed the 

marker cluster, consists of four standard markers, mounted on one of two sizes of a rigid plate, 

as shown in Figure 3.3b. The marker clusters are used to provide 6-DoF movement information 

of a rigid body. No external drivebox is required for the marker clusters as the built-in battery 

powers the four markers. 

Optical sensor unit 

Two optical CX1 sensor units, one of which is shown in Figure 3.3d, are used to detect the IR 

source from each of the markers at every 40μs, regardless of the sampling rate user specified. 

Based on the optical correlation algorithm, the 3D location of each marker is measured and 

calculated. 

 

Figure 3.3: Optical sensing unit, the two individual camera highlighted by the red dashed line indicates the ones 
used for calculation of y component of co-ordinate. 

The X and Z components or the anterior-posterior and distal-proximal components of the co-

ordinate system are measured by the optical sensor, while the Y component or the medial-

lateral component of the co-ordinate system is derived from triangular calculation of the signals 

from the two cameras. According to the Codamotion User Guide (Version 1.08, April 2016), the 

RMS amplitude of the noise generated from the X and Z components of the co-ordinate system 

are within 0.1mm. By contrast, the Y component of the co-ordinate system is more susceptible 

to noise and is typically within 0.4mm, (personal communication from Andrew Ward, the Senior 

Software & Support Engineer in Charnwood Dynamics Ltd). Other sources of inaccuracies could 
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arise from the photo-detector current noise in the two cameras and from the AC component 

of room lighting, which is typically at double of the mains frequency i.e. 100Hz. 

3.1.2 Force platform 

The three component of ground reaction forces and centre of pressure (CoP) are measured by 

a calibrated force platform (Kistler 9286BA, Kistler Instrument Ltd., Switzerland), as shown in 

Figure 3.4. The measurement directions (X, Y and Z-axis shown in Figure 3.4), are defined in 

relation to the force plate itself, acting on the foot. 

 

Figure 3.4: (a) Kistler 9286BA force plate with X, Y and Z-axis defined with reference to its own geometry and (b) an 
illustration of marker placement on the force plate to define GCS 

The measurement range of anterior-posterior and medial-lateral component of ground 

reaction force are set at -1250N to 1250N, while the measurement range for vertical 

component of ground reaction force is set at 0 to 10,000N. A cable is used to connect the force 

plate to the CodaHub. The CodaHub records the analogue voltage outputs from the force plate 

and converts them to forces in newtons through a calibration matrix. Free moments generated 

on the force plate, together with the CoP were subsequently calculated. The calibration 

certificate, provided by the Kistler Instrument Ltd., is available in Appendix A2. 

3.1.3 Calibration of the gait laboratory 

Apart from providing GRF, moments and CoP, the force plate is also used to define a reference 

co-ordinate system – global co-ordinate system (GCS), such that the 3D marker co-ordinates 

are tracked in relation to the GCS. Three markers (marked as M1 M2 and Origin in Figure 3.4b) 

were used to define the GCS. The X-axis of the GCS or XGCS, is defined by connecting Origin 

marker to M1. ZGCS, is defined by the axis perpendicular to the plane formed by Origin, M1 and 

M2 marker, pointing upwards. The YGCS is defined orthogonal to the XGCS and ZGCS.  

3.1.4 Data acquisition and processing 

Data acquisition 
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CodaHub is a data acquisition hardware for the 3D motion analysis, with following functions: 

 It provides power to the two optical sensor units and also receives the 3D marker co-

ordinates from them via the two d-sub 25 pin cable connection (Figure 3.5a) 

 

Figure 3.5: (a) Front and (b) back panel of the CodaHub. 

 It collects and synchronises the datastream from 3rd party equipment, e.g. the voltage 

values from the force plate (Figure 3.5b) 

 It interfaces with the dedicated software on an external PC, through an Ethernet cable, 

for extracting 3D marker data and force platform data (Figure 3.5a) 

 It is also capable of sending or receiving synchronisation signals to trigger or to be 

triggered for initiation of data collection. This is achieved through the d-sub 25 pin 

connector on the rear side of the Codahub (Figure 3.5b). 

Raw data processing 

The raw marker data and the GRF data collected from the CodaHub were subsequently 

processed by Odin motion analysis software (Version 1.08). For the raw marker data, the 

sampling frequency was set at 100Hz for all data collection presented in this thesis. 

Subsequently, a low-pass zero-lag Butterworth filter was applied with cut-off frequency set at 

50Hz. For the marker that was out-of-view during dynamic data collection, a linear 

interpolation method was used by Odin software. It is worth noting that the data presented in 

this thesis does not involves out-of-view markers. Both raw and filtered marker data are saved 

by the Odin motion analysis software. GRF was sampled and collected at a rate of 500Hz by the 

force platform. At the beginning of the data collection, the effect of walkway vibration to GRF 

was examined such that no clear spikes was presented when the foot is not in contact with the 

force platform. Subsequently, a low-pass zero-lag Butterworth filter was applied to the GRF 

with cut-off frequency set at 100Hz. Similarly, both raw and filter GRF data are saved by the 

motion analysis software. The analysis of human joint biomechanics involves the use of a 6-DoF 
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lower limb musculoskeletal model. In the next section, the marker placement protocol will be 

introduced.  

3.2 Human gait analysis method 

3.2.1 Marker placement 

The configuration of marker placement on the able-bodied participant (Figure 3.6), the knee-

disarticulation participant (Figure 3.7) and trans-tibial participant (Figure 3.8) during the motion 

capture process, was based on a 6-DoF model. The marker model follows the 

recommendations of the International Society of Biomechanics (ISB) for defining the bone 

orientations [224]. A total of 28 real markers, including a marker wand and a pelvic frame, are 

placed on the three groups of participants. A pelvic wand was mounted on the pelvic frame 

with P3 and P6 marker attached to the tail of the wand on the left and right aspect, respectively. 

 

Figure 3.6: Real marker placement on the able-bodied participant. 
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Figure 3.7: Real marker placement on the knee disarticulation amputee. 

 

Figure 3.8: Real marker placement on the trans-tibial amputee. 

Having introduced the real marker placement, the key anatomical landmarks or virtual markers 

can be tracked and calculated in relation to the position of real markers. A Pointer (Figure 3.9), 

incorporating four real markers and a trigger, is used to define these anatomical landmarks. 

 

Figure 3.9: A photo of the Pointer for defining virtual markers. 

3.2.2 Lower limb musculoskeletal model 

Pelvis 
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Prior to the placement of the pelvic frame, a belt with a Velcro strap was worn on the 

participant. Subsequently, a frame consisting of six markers (labelled as P1 to P6 in Figure 3.6, 

Figure 3.7 and Figure 3.8) was worn around the pelvis, sitting against the belt. Considerable 

care was taken to adjust the position of the frame, such that the sides lie in the plane of the 

anterior superior iliac spine (ASIS) and the posterior superior iliac spine (PSIS) landmarks. 

The definition of the pelvic landmarks allows, firstly, the tracking of the orientation of the pelvis 

and secondly, the definition of the hip joint centres (HJC). In order to define pelvic anatomical 

landmarks, ASIS and PSIS are palpated and subsequently digitise using the Pointer. The 

palpation process of the left ASIS can be found in Appendix A3. 

The motion of the pelvis was tracked using a pelvic frame. The orientation of left and right PSISs 

can be tracked using P2 and P5 on the pelvic frame. In addition, the left and right ASISs are 

defined through digitisation and further tracked in relation to the pelvic frame, during dynamic 

motion capture. Having defined all four virtual markers, a pelvic model with its local co-ordinate 

system (LCS), describing the orientation of the pelvic, can be constructed as shown in Figure 

3.10. 

 

Figure 3.10: Pelvic virtual markers and the definition of hip joint centres 

The origin of the pelvic LCS coincides with the midpoint of R.ASIS and L.ASIS virtual markers 

(Equation (3.1)). Medial lateral axis of the pelvic LCS or XPelvis can be defined as a unit vector 

starting from the Mid .ASIS, pointing towards R. ASIS. The anterior-posterior axis of the pelvic 

LCS or YPelvis, can be defined as a unit vector orthogonal to the plane defined by Mid. PSIS, R. 

ASIS and L. ASIS, pointing in the anterior direction. The proximal-distal axis of the pelvic LCS can 

be defined as a unit vector orthogonal to both XPelvis and YPelvis, pointing cranially. 

 
𝑀𝑖𝑑. 𝐴𝑆𝐼𝑆𝑥,𝑦,𝑧 =

𝐿. 𝐴𝑆𝐼𝑆𝑥,𝑦,𝑧 + 𝑅. 𝐴𝑆𝐼𝑆𝑥,𝑦,𝑧

2
 (3.1) 
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Having defined the LCS for the pelvis, the location of HJCs were defined in relation to a pelvic 

LCS using Roentgen Stereophotogrammetric Analysis (RSA) with a regression equation 

proposed by Bell et al [225, 226] and later adapted by Leardini et al [227]: 

 𝑅. 𝐻𝐽𝐶𝑥
𝑃𝑒𝑙𝑣𝑖𝑠 = 0.36 × 𝐿𝐴𝑆𝐼𝑆 (3.2) 

 

 𝑅. 𝐻𝐽𝐶𝑦
𝑃𝑒𝑙𝑣𝑖𝑠 = −0.19 × 𝐿𝐴𝑆𝐼𝑆 (3.3) 

 

 𝑅. 𝐻𝐽𝐶𝑧
𝑃𝑒𝑙𝑣𝑖𝑠 = 0.3 × 𝐿𝐴𝑆𝐼𝑆 (3.4) 

Where LASIS is the 3D distance between the left and right ASIS (Equation (3.5)), the superscript 

‘Pelvis’ means that the calculated HJC location is defined in relation to pelvic LSC. 

 𝐿𝐴𝑆𝐼𝑆 = √(𝑅. 𝐴𝑆𝐼𝑆𝑥 − 𝐿. 𝐴𝑆𝐼𝑆𝑥)2 + (𝑅. 𝐴𝑆𝐼𝑆𝑦 − 𝐿. 𝐴𝑆𝐼𝑆𝑦)
2

+ (𝑅. 𝐴𝑆𝐼𝑆𝑧 − 𝐿. 𝐴𝑆𝐼𝑆𝑧)2 (3.5) 

Regression method was chosen to determine the location of HJCs as the relative motion at 

socket interface may contribute to a larger error when using functional method. 

Thigh 

For the able-bodied participant, a cluster of four markers was placed on the lateral side of the 

left and right thigh as shown in Figure 3.6, respectively. These markers were numbered 

sequentially, starting with Thigh. 0 at the distal-posterior corner, and continuing anti-clockwise 

to Thigh. 3 at the proximal-posterior corner. A strap was tightened around the marker cluster 

to ensure stability. 

For both knee disarticulation and trans-femoral participants, on the prosthetic side, a cluster 

of four markers was placed on the lateral socket wall (Figure 3.7). These markers were 

numbered sequentially, starting with Soc. 0 at the distal-posterior corner, and continuing anti-

clockwise to Soc. 3 at the proximal-posterior corner. It is worth noting that, in order to account 

for the curvature and the rigidity of the socket, extra black non-reflective duct tape (Part 

Number: 6910, 3M PLC, Bracknell, UK) was wrapped around the cluster to father secure the 

cluster. For trans-tibial participants, a cluster of four markers was strapped over the suction 

sleeve, which extended over to the thigh (Figure 3.8). For trans-tibial participants, who do not 

require a suction sleeve, a cluster of four makers was placed on the lateral side of the thigh and 

secured with the strap.  

Having defined the left and right HJCs, i.e. the proximal ends of the thigh segment, knee joint 

centre (KJC) needs to be defined in order to construct the thigh segment. For the able-bodied 
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participant, the lateral femoral epicondyles (LFE and MFE) were first digitised and the detailed 

process of palpation can be found in A3. 

The KJC is defined as the midpoint between the LFE and MFE, see Equation (3.6). 

 
𝐾𝐽𝐶𝑥,𝑦,𝑧 =

𝐿𝐹𝐸𝑥,𝑦,𝑧 + 𝑀𝐹𝐸𝑥,𝑦,𝑧

2
 (3.6) 

On the knee-disarticulation participant, the prosthetic equivalent of LFE & MFE or lateral knee 

pivot (LKP) & medial knee pivot (MKP) are digitised at the prosthetic knee. An example of 

digitised LKP and MKP on a KX06 knee is shown in Figure 3.11a. On the trans-tibial participant, 

LKP and MKP are digitised at the medial and lateral point of the estimated knee axis of rotation 

over the socket (Figure 3.11b). 

The prosthetic knee was securely fixed to the socket through a four-bolted connection. The 

location of prosthetic knee pivot centre (KPC) was subsequently defined as the midpoint of LKP 

and MKP, see Equation (3.7). 

 
𝐾𝑃𝐶𝑥,𝑦,𝑧 =

𝐿𝐾𝑃𝑥,𝑦,𝑧 + 𝑀𝐾𝑃𝑥,𝑦,𝑧

2
 (3.7) 

 

Figure 3.11: (a) Location of MKP and MKP on the KX06 knee for the knee disarticulation amputee and (b) the 
location of digitised LKP on a trans-tibia amputee, MKP is located on the media aspect of the socket, which is not 

shown.  

These virtually digitised LFE & MFE on the able-bodied participant and LKP and MKP markers 

on the amputee participant were tracked by using the thigh and socket clusters as the 

reference, respectively. 
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Figure 3.12: Thigh segment virtual markers and the definition of the thigh LCS 

Having defined the knee rotational centre, i.e. the distal ends of the thigh segment, thigh 

segment and its LCS can be defined by linking the knee rotational centre (KJC for able-bodied 

participant and KPC for amputee participant) and the HJC. Figure 3.12 shows the key 

anatomical landmarks on the thigh segment and its definition of LCS. The origin of the thigh 

segment corresponds to the knee rotational centre. The proximal-distal axis of thigh LCS or 

ZThigh, is defined as a unit vector pointing from the knee rotational point towards the HJC. The 

anterior-posterior axis of thigh LCS or YThigh, is defined as a unit vector orthogonal to plane form 

by LFE, MFE and HJC, pointing anteriorly. For the knee disarticulation participant, the prosthetic 

equivalent LFE and MFE, defined as LKP and MKP previously, are used to calculate YThigh. The 

medial-lateral axis of the thigh LCS or XThigh, subsequently, is calculated as a unit vector 

orthogonal to both ZThigh and YThigh. 

Shank 

For an able-bodied participant, a cluster of four markers was placed on the lateral side of the 

left and right shank, respectively, as shown in Figure 3.6. These markers were numbered 

sequentially, starting with Shank. 0 at the distal-posterior corner, and continuing anti-clockwise 

to Shank. 3 at the proximal-posterior corner. A strap was tightened around the cluster to ensure 

stability. 

For amputee participants, a cluster of four markers was strapped to the prosthetic pylon using 

the non-reflective duct tape as shown in Figure 3.7 and Figure 3.8. The pylon was located distal 
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to the prosthetic knee for knee disarticulation amputee and distal to the socket for trans-tibial 

amputee. 

The proximal ends of the shank segment is defined by the Lateral Tibial Condyle and Media 

Tibial Condyle (LTC and MTC) for the able-bodied participant as shown in Figure 3.14. It is worth 

noting that, the two virtual points previously digitised at medial and lateral aspects of the knee 

are further used, however tracked with the shank cluster. Therefore, the proximal end of the 

shank segment can be defined as Inter-Tibial Condyle (ITC), the midpoint between the LTC and 

MTC, see Equation (3.8). 

 
𝐼𝑇𝐶 =

𝐿𝑇𝐶𝑥,𝑦,𝑧 + 𝑀𝑇𝐶𝑥,𝑦,𝑧

2
 (3.8) 

 

The distal ends of the shank segment is defined by Lateral Malleolus and Medial Malleolus (LM 

and MM), as shown in Figure 3.14. The location of the LM and MM is superficial and easy to 

palpate and digitise. Subsequently, the ankle joint centre (AJC) is defined as the midpoint 

between the LM and MM, see Equation (3.9). 

 
𝐴𝐽𝐶𝑥,𝑦,𝑧 =

𝐿𝑀𝑥,𝑦,𝑧 + 𝑀𝑀𝑥,𝑦,𝑧

2
 (3.9) 

 

For amputee participants, the prosthetic equivalent of LM and MM are digitised on the 

prosthetic foot and they are termed as Lateral Ankle Pivot and Media Ankle Pivot (LAP and 

MAP). An example of the locations of LAP and MAP on ElanTM foot is shown in Figure 3.13. 

Therefore, the ankle pivot centre (APC) on the amputee Participant can be defined as the 

midpoint between LAP and MAP, see Equation (3.10). 

 
𝐴𝑃𝐶𝑥,𝑦,𝑧 =

𝐿𝐴𝑃𝑥,𝑦,𝑧 + 𝑀𝐴𝑃𝑥,𝑦,𝑧

2
 (3.10) 

 

 

Figure 3.13: Locations of digitised LAP and MAP on the Elan foot 



Chapter 3 Key experimental methodology 

 

89 | P a g e  
 

The digitised medial and lateral aspects of the ankle, LM & MM (for able-bodied Participant) 

and LAP & MAP (for amputee participants), are tracked relative to the shank cluster during the 

motion capture process. 

Having defined the proximal and distal ends of the shank segment for both able-bodied and 

amputee Participants, the shank segment can be constructed by connecting the AJC (for able-

bodied Participant) or APC (for amputee Participants) to ITC. Figure 3.14 shows the key 

anatomical landmarks on shank segment with its definition of LCS. The origin of the shank LCS 

coincides with the ankle rotational centre (AJC or APC). Proximal-distal axis of the shank LCS or 

ZShank, is defend by the unit vector starting from ankle rotational centre, pointing towards ITC. 

The anterior-posterior axis of the shank LCS or YShank, is defined by the unit vector orthogonal 

to the plane formed by LM, MM and ITC, pointing anteriorly. Finally, the medial-lateral axis of 

the shank LCS or XShank, is defined as the axis orthogonal to both YShank and ZShank, pointing 

laterally. 

 

Figure 3.14: Shank segment virtual markers and the definition of the thigh LCS 

Foot 

For an able-bodied participant, three markers are placed over the shoe using double-sided tape 

and they are named as Hallux, 5MT and Heel in Figure 3.6, Figure 3.7 and Figure 3.8. Hallux 

marker was placed at the top surface of the Hallux, as recommended by Codamotion, such that 

the marker will always be in the view of the Coda camera. The heel marker was placed at the 

lateral side of the calcaneus at the same height of the Hallux marker. 5MT marker was placed 

at the equivalent positon of the fifth metatarsal head, laterally. 
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For amputee participant, Hallux, 5MT and Heel markers were placed at their equivalent 

positons, on their prosthetic side, over the shoe as indicated by F1, F2 and F3 in Figure 3.7 and 

Figure 3.8. 

Based on three real markers placed on the foot (top of the foot, 5MT and lateral aspect of the 

heel), the motion analysis software Odin computes two virtual markers inducing, 1MT and 

calcaneus. It is worth noting that the Mid. MT virtual maker labelled in Figure 3.15 is calculated 

as the midpoint between the 1MT and 5MT, see Equation (3.11). 

 
𝑀𝑖𝑑. 𝑀𝑇𝑥,𝑦,𝑧 =

1𝑀𝑇𝑥,𝑦,𝑧 + 5𝑀𝑇𝑥,𝑦,𝑧

2
 (3.11) 

 

Figure 3.15: Real (green) and virtual (red) markers on the foot and the corresponding foot LCS. 

Having defined the virtual markers on the foot, the foot segment and its LCS can be constructed, 

as shown in Figure 3.15. Three are three real markers placed on the foot, namely, ‘heel’, ‘top 

of the foot’ and the ‘5th MT’. ‘Heel’ marker is placed at the lateral side of the calcaneus. 5th MT 

marker is placed at the 5th MT anatomical landmarks and the ‘top of the foot’ marker is placed 

approximately at the location of big toe. The ‘Calcaneus’ virtual marker is defined based by 

offsetting the ‘Heel’ real marker by half of the ankle width towards medial direction. Similarly, 

the location of the ‘Mid MT’ virtual marker is defined by offsetting the ‘5th MT’ real marker by 

half of the ankle width towards medial direction. The ankle width is defined as the distance 

between the LM and MM.  

The foot segment is defined by connecting the ‘Calcaneus’ virtual marker to the ‘Mid MT’ virtual 

marker. The origin of the foot LCS coincides with the Calcaneus virtual marker. The anterior-

posterior axis of the foot LCS or YFoot is defined as a unit vector pointing from ‘Calcaneus’ virtual 

marker towards ‘Mid MT’ marker. The proximal-distal axis of the foot LCS or ZFoot is defined as 

a unit vector orthogonal to the plane formed by ‘Calcaneus’, ‘Mid MT’ and ‘5th MT’, pointing 
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cranially. Finally, the medial-lateral axis of the foot or XFoot, is defined by the unit vector 

orthogonal to both YFoot and ZFoot, pointing laterally. 

The joint biomechanics, incorporating joint kinematics and kinetics was calculated by the Odin 

motion analysis software according to the theory described in 2.5.1. The reference zero of joint 

angle was defined as the angle obtained in a standing trial.  

3.3 The TRIPS sensor system for socket interface kinetic assessment 

3.3.1 Overview of the sensor system 

Figure 3.16 shows the latest generation of the TRIPS sensor system [188, 228], incorporating a 

sensor unit and data acquisition (DAQ) unit. The sensor unit has a dimension of 20mm by 20mm 

by 1mm thickness, including a top electrode, a bottom electrode and a deformable silicone 

material sandwiched in the middle. The DAQ unit has a dimension of 650mm by 420mm by 

280mm, incorporating a Printed Circuit Board and three AAA Nickle-Metal Hydride batteries 

(3.6V and 730mAh). Upon application of a multi-directional load on the sensor unit, one 

pressure signal and two shear signals (SL and SC marked in Figure 3.16) are acquired by the DAQ 

unit and further transmitted via Bluetooth to a Personal Computer (PC). 

 

Figure 3.16: Photos and schematics showing the pressure and shear sensor system. 

3.3.2 Design and fabrication of the sensor unit 

Sensor unit design 

The application of normal pressure and tangential shear to the sensor unit will induce the 

change in geometry of the deformable silicone material, in both normal and tangential 

directions. As the silicone material is sandwiched between the two electrodes, the deformation 
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of the silicone produces a change in capacitance between the two electrodes. In the next 

section, the electrode arrangement and the calculation of de-coupled pressure and shear signal, 

induced from the multi-direction load, will be introduced. 

 

Figure 3.17: A flow chart showing the sensing mechanism on the sensor unit 

The pressure and shear sensing system was designed based on the capacitance sensing 

mechanism. In order to explain how it works in detail, basic knowledge of capacitor will be 

briefly introduced here. A capacitance sensing mechanism relies on using two parallel electrical 

conductors (top and bottom in Figure 3.18a) which are separated by an insulator (transduction 

medium in Figure 3.18a). 

 

Figure 3.18: (a) An exploded view and (b) an assembled view of a capacitor formed with two electrodes and a 
transduction medium. 

Capacitance (C), form by the two parallel electrodes with a transduction medium (Figure 3.18b), 

is governed by: 

 𝐶 =  𝜀0𝜀𝑟

𝐴

𝑑
 (3.12) 

Where ε0  is the relative permittivity of a vacuum. εr  is the relative permittivity of the 

transduction medium which can be assumed as a constant, ‘A’ is the effective or overlapping 
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area of the two parallel electrodes (Figure 3.18b) and ‘d’ is the separation between the two 

parallel electrodes (Figure 3.18b). 

 

Figure 3.19: Mechanism of change in capacitance induced from (a) Pressure and (b) shear. 

According to Equation (3.12), assuming the dielectric property of the transduction medium as 

a constant, the change in C could be induced from either the change in ‘d’ or ‘A’. The change 

in d or Δd and change in A or ΔA can be further induced from the pressure, shear or combined 

pressure and shear loads acting on the electrodes. Figure 3.19a illustrates the basic pressure 

sensing mechanism. This involves a top electrode paired with a bottom electrode, forming a 

capacitance. In this case, the surface area of the bottom electrode is significantly larger than 

the one on the top electrode. Therefore, upon application of a normal load (perpendicular to 

the surface of electrode), the overlapping area between the top and bottom electrode (‘A’ in 

Figure 3.19a) remains as a constant, whereas the distance between the top and bottom 

electrode (‘d’ in Figure 3.19a) changes in relation to the magnitude of the load applied. 

Figure 3.19b illustrates the basic shear sensing mechanism. Upon application of a load parallel 

to the surface of the electrode, the overlapping area between the top and bottom electrode 

(‘A’ in Figure 3.19b) changes in relation to the magnitude of the load applied. It is worth noting 

that, a certain load, perpendicular to the electrode surface, needs to be applied in order to 

transfer the shear force. Therefore, in this case, the distance between the top and bottom 

electrodes (‘d’ in Figure 3.19b) changes as well. 

Having introduced the pressure and shear sensing mechanisms based on capacitance. The 

design of electrode, capable of sensing both pressure and shear will be introduced. 
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Upon application of pure pressure (loads acting normal to the electrodes), the overlapping area 

(Az) of the capacitor Cz remains as a constant. The change of capacitor Cz could be only induced 

by the change in d, which is dependent on the applied pressured. Therefore, the change in Cz 

due to pure pressure can be expressed by: 

 ∆𝐶𝑧 =  𝜀0𝜀𝑟

𝐴𝑧

𝑑0
−   𝜀0𝜀𝑟

𝐴𝑧

𝑑0 −  ∆𝑑
 (3.13) 

Where d0  is the separation distance between the top and bottom electrode when it is at 

unloaded state and ∆d is the change in separation distance between the top and bottom 

electrodes due to pure pressure. By re-arranging Equation (3.13) and assuming d >> ∆d, we 

have: 

 
∆𝐶𝑧 =  𝜀0𝜀𝑟

𝐴𝑧∆𝑑

𝑑0
2  (3.14) 

There are three electrodes responsible for sensing the transduction of shear in the x-direction, 

which are marked as E3, E4 and E5. E3 at the bottom electrode, and E4 and E5 on the top 

electrode. In simple terms, when the electrode is subjected to pressure and shear in the x-

direction, the separation distance d between top (E3) electrode and bottom electrode (E4 and 

E5) changes, as well as the overlapping areas, A4 and A5. The change in capacitor in C4 (parallel 

plate formed by E4 and E3) can be expressed by: 

 ∆𝐶𝑥 = 𝜀0𝜀𝑟

𝐴𝑥

𝑑0
−  𝜀0𝜀𝑟

𝐴𝑥 − ∆𝐴

𝑑0 −  ∆𝑑
 (3.15) 

Where A0  is the overlapping area when the electrode is in the unloaded state, d0  is the 

separation distance between the E3 and E4, ∆A and ∆d are the change in overlapping area and 

distance between E3 and E4 due to combined pressure and shear, respectively. 

By re-arranging Equation (3.15) we have: 

 
∆𝐶𝑥−4 = 𝜀0𝜀𝑟

𝑑0∆𝐴𝑥  −  ∆𝑑𝐴𝑥

𝑑0 (𝑑0  −  ∆𝑑)
 (3.16) 

 

The change in capacitance recorded E5 and E3 can be obtained using similar principle: 

 
∆𝐶𝑥−5 = 𝜀0𝜀𝑟

− 𝑑0∆𝐴𝑥  −  ∆𝑑𝐴𝑥

𝑑0 (𝑑0  −  ∆𝑑)
 (3.17) 
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Equation (3.16) and Equation (3.17) may be used to evaluate the differential capacitance ∆Cx, 

as expressed by: 

 ∆𝐶𝑥 =  ∆𝐶𝑥−4 −  ∆𝐶𝑥−5 =  𝜀0𝜀𝑟

2∆𝐴𝑥

(𝑑0  −  ∆𝑑)
 (3.18) 

 

It is evident that under the assumption of small deformations ( ∆𝑑 ≪ 𝑑 ), the electrode 

separation remains virtually unaltered and hence, the differential capacitance ∆𝐶𝑥 

corresponding to the sensor shear signal should theoretically be independent of pressure: 

 ∆𝐶𝑥 = 𝜀0𝜀𝑟

2∆𝐴𝑥

𝑑0
 (3.19) 

Sensor unit fabrication 

The silicone rubber (Room Temperature Vulcanization (RTV) 4420, Bluestar Silicones, France) 

was selected as the material for the sensor frames. In the prosthetic industry, silicone rubber 

represent the material of choice for liners and vacuum sleeves, due to its durability and the 

matching mechanical property to the soft tissue. Moreover, the use of silicone rubber also 

provides the potential to integrate the sensor frame with the existing liner product on the 

market. 

 

Figure 3.20: Sensor frame manufacturing process. (a) illustration of the two components of liquid silicone material, 
(b) Mixed part A and part B silicone material with volumetric ratio of 1:1.5 in graduated plastic cup and (c) batch 

injection moulding process (45 pieces of silicone square). 

According to the data sheet of Bluestar Silbione RTV 4420, the A and B components of the liquid 

silicone material (Figure 3.20a) are recommended to be mixed at 1:1 ratio, producing a semi-

rigid silicone material. However, in order to match the compressive modulus of the silicone 

liner, the part A and part B of the Bluestar Silbione RTV 4420 liquid silicone are mixed at 1:1.5 

ratio (Figure 3.20b). A simple injection moulding process, involving pouring the liquid silicone 

material in to a designed 3D printed mould as shown in Figure 3.20c, was chosen. The curing 

process for the liquid silicone takes up to four hours. 

A custom made 3D printed alignment jig (Figure 3.21a) was used to ensure the repeatability of 

the assembly process. Initially, the cured silicone square was placed in the indent of the 
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alignment jig (Figure 3.21b), designed with a matching geometry of the footprint of the 

electrode (flexible PCB). Then silicone adhesive (Momentive Performance Materials GmbH, 

Germany) was applied on the surface of the bottom electrode using a brush (Figure 3.21b) and 

the silicone square is subsequently place over it (Figure 3.21c). This was followed by application 

of the glue on the top surface of the electrode (Figure 3.21c) which was subsequently folded 

over to cover the top surface of the silicone square (Figure 3.21d). A rectangular aluminium 

block with dimensions of 19mm x 19mm x 25mm was manufactured. It was placed on the top 

surface of the flexible PCB as a compression weight to ensure a uniform load distribution of the 

glued area during curing (Figure 3.21e).  

 

Figure 3.21: Sensor frame assembly 

Thickness of each sensor unit is measured at three locations along the edge (at approximately 

0mm, 10mm and 20mm location) and up to 1.2mm±0.2mm of thickness was obtained at all 

three locations. 

3.3.3 Design and fabrication of sensor data acquisition unit 

The capacitance change, in analogue form, is then collected and digitised by two 24-bit 

Capacitance-to-Digital Convertor (CDC) chips (ACAM PCap02). The PCap CDC chip is selected 

because it offers minimal noise, high sampling rate and its capability of measuring capacitance 

in both parallel and floating configuration. One of the CDC chips is in charge of the collection 

of signal induced from the normal loads and the other CDC chip is in charge of the collection of 

signals induced from the two orthogonal tangential loads. The DAQ unit supports up to three 

sensor units, including synchronised nine channels of signal (three from each of the sensor unit). 



Chapter 3 Key experimental methodology 

 

97 | P a g e  
 

 

Figure 3.22: Photos showing the PCB of the DAQ unit. 

The microcontroller (32-bit, AVR ATmega32 shown in Figure 3.22) on the PCB then started the 

data acquisition from the two CDC chips sequentially, one at a time. It is assumed that the lag 

between the two data acquisition from each of the CDC chip was negligible (a few Nano 

seconds). Data acquisition was set at 100Hz. At this stage, the data collected by the micro-

controller was in machine readable binary form. The data was further converted to decimal 

numbers (ASCII form) by the micro-controller. Then, the signal in decimal form was further sent 

to a PC-based software. 

The PC software displays the received data as a function of time and further saved in the format 

of comma separated values (.csv). Before the usage of the sensor system in clinical tests, each 

of the sensor unit, together with the DAQ unit needs to be calibrated, such that the capacitance 

signal can be converted to stress values. 

3.4 Calibration of the sensor system 

The sensor system calibration was designed to convert the measured capacitance signal to 

physical values, for example stress, that are relevant to both researcher and prosthetists. Figure 

3.23 summarises the process of sensor system calibration. Each of the sensor unit was 

connected to the DAQ unit and subsequently mounted on a material test machine. Two type 

of load profiles, in both static and dynamic form, were applied via the test machine to each of 

the sensor unit in pressure and two orthogonal shear directions. The sensor system response, 

induced from the mechanical loads was recorded and used as an input for a signal-processing 

model. The signal processing model was designed to translate the capacitance values to 

stresses values in the unit of kilo Pascal in both pressure and shear directions.  
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Figure 3.23: A flow chart showing the sensor system calibration process. 

3.4.1 Test machine for sensor system calibration 

 

Figure 3.24: A photo showing the Instron ElectroPulsTM E1000 material test machine[229]. 
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The Instron ElectroPulsTM E1000 (Instron Ltd, High Wycombe, UK), the uni-axial material test 

machine, was used to conduct mechanical tests. The test machine (Figure 3.24) incorporates a 

load cell (measurement range: ±2kN and measurement accuracy: 0.5N) and an actuator 

(movement range: 60mm and movement accuracy: 0.015mm), which was controlled via an 

electromagnetic mechanism. 

 

Figure 3.25: Custom-made (a) compression platens and (b) shear platens 

In order to test the sensor performance in pressure and shear channels, two sets of 

attachments (Figure 3.25a and Figure 3.25b) were designed and manufactured by Dr. Piotr 

Laszczak in the Engineering, Design and Manufacturing Centre (EDMC) in the University of 

Southampton. The detailed engineering design was detailed in Dr. Laszczak’s PhD thesis [230]. 

The compression platens (Figure 3.25a), were then attached to the test machine. The bottom 

platen was fixed to the machine while the top platen applied the pre-programmed compression 

force profile (Figure 3.26a). The shear platens were assembled first and then mounted on the 

test machine (Figure 3.25b), and the sensor placed in the gap between the two aluminium 

hemi-spheres. Similarly, the bottom platen was fixed, while the top platen applies the pre-

programed load through the sensor unit (Figure 3.26b). 
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Figure 3.26: Assembled (a) compression platens and (b) shear platens on the Instron material test machine. 

3.4.2 Mechanical test protocols 

In order to characterise the static and dynamic behaviour of the sensor system, six sets of test 

protocols (two for each channel: pressure, shear X and shear Y channel) were designed in the 

Instron WaveMatrix software. 

Static pressure test protocol 

Figure 3.27a shows the load in newtons, applied by the Instron machine, during the static 

pressure calibration test. The loading profile was designed such that it incorporates two phases, 

loading (0N-200N) and unloading (200N-0N). It is worth noting that, during loading phase, a 

2N/step was adopted between 0N to 60N in order to improve sensor system accuracy, while 

20N/step was adopted between 60N to 200N. A similar protocol was adopted during unloading 

phase. The peak force of 200N, corresponded to the peak pressure of 500kPa. A peak value of 

500kPa was chosen, as it represents the peak value obtained in pilot amputee test. This value 

also covers the highest reported peak pressure of 350kPa [9, 10].  
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Figure 3.27: Applied load from Instron machine for (a) static and (b) dynamic pressure calibration test. 

Dynamic pressure test protocol 

Figure 3.27b shows the load in newtons, applied by the Instron machine, during the dynamic 

pressure calibration test. A double-hump profile over 60% of the cycle was used to represent 

the typical vertical load transfer from the ground interface to socket interface. A peak value of 

200N was used, which represents a peak pressure of 500kPa. For the remaining 40% of the 

cycle, peak value of 20N was used, which typically represents the force experienced by the 

residuum during swing phase (5-90N) [128, 168].  

Static shear test protocol 

Figure 3.28a shows the load in newtons, applied by the test machine, for the static shear 

calibration test. Step loading was applied by the test machine to the each of the sensors. In 

total, four steps (8N/step) were applied in both positive and negative directions, therefore a 

peak load of 32N (equivalent to 80kPa) was applied. A peak value of 80kPa was chosen as it 

covers the highest shear value reported in the literature [10]. 

 

Figure 3.28: Applied load from Instron machine for (a) static and (b) dynamic shear calibration test. 
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Dynamic shear test protocol 

Figure 3.28b shows the load in newtons, applied by the test machine, for dynamic shear 

calibration test. Profile obtained from the anterior-posterior component of GRF over 60% of 

the cycle, was used in the dynamic shear calibration test, as it represented the typical anterior-

posterior shear force transfer from the ground interface to socket interface. Peak value of 32N 

was used in the profile, which represented peak shear value of 80kPa. 

Sensor system response to mechanical tests 

Figure 3.29 shows the sensor system response when performing static pressure and dynamic 

pressure calibration tests. With the same peak load applied to the sensor unit, changes in 

capacitance unit of up to 7900 and 5800 were observed during static and dynamic pressure 

calibration tests, respectively. It is also evident in the inset to Figure 3.29a that the sensor 

system response under step loading follows typical non-linear behaviour[231]. When an 

applied load reached the pre-programed value, the stress recorded by the sensor unit starts to 

decrease indicating stresses relaxation behaviour. In order to compensate for the stress 

relaxation behaviour, the test machine automatically applied more load to the sensor unit to 

reach the pre-programed target load. It is also worth noting that when comparing the first 

loading cycle (at approximately 15s) and the last loading cycle (at approximately 290s), signal 

drift was observed which is time-dependent. 

 

Figure 3.29: Sensor system response induced from (a) static and (b) dynamic pressure calibration tests. 

Figure 3.30 shows the sensor system response when performing static pressure and dynamic 

shear calibration tests. In a similar manner to that during the pressure calibration test, when 

the same peak load is applied on the sensor unit, changes in capacitance units of up to 1200 

and 800 were observed when performing static and dynamic calibration tests, respectively. 

This suggests that the sensor system exhibits different non-linear time-dependent responses 
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under static and dynamic loading conditions. In the next section, a material model, used to 

compensate the non-linear sensor system behaviour will be introduced. 

 

Figure 3.30: Sensor system response induced from (a) static and (b) dynamic shear calibration tests. 

3.4.3 Signal processing model for the sensor system 

Note, the implementation of the signal processing model on the current sensor system 

originate from Dr. Piotr Laszczak’s work. 

The non-linear viscoelastic material model – Wiechert Model 

In order to compensate for the non-linear visco-elastic material behaviour of the sensor system 

output, a generalised material model, the Wiechert Model, was introduced. It consists of a 

series of spring and dashpot pairs to characterise the sensor system. This Wiechert model was 

chosen as it represents the general form of the linear model for characterising viscoelasticity. 

Other material models, such as a Maxwell model, can be derived from the Wiechert model by 

defining the value of ‘n’ in Figure 3.31. In this study, the value of ‘n’ was set to two, as it 

represents an optimum value when considering the performance of the model and the 

computational time. 

Figure 3.31 shows the generalised structure of a Wiechert model, which contains a single spring 

(𝑘0) in parallel with n pairs of spring-dashpot arm (for example 𝑘𝑗 and 𝑐𝑗). The single spring (𝑘0) 

in the Wiechert model accounts for the non-linearity of the material behaviour, while the 

spring-dashpot arm accounts for the visco-elastic behaviour of the material behaviour. 
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Figure 3.31: An illustration of Wiechert model, consisting of n pairs of spring-dashpot arms 

It is evident that the total stress applied to the Wiechert system can be expressed as: 

 
𝜎(𝑡) =  𝜎0(𝑡) +  ∑ 𝜎𝑗(𝑡)

𝑛

𝑗=1

 (3.20) 

Where 𝜎0(𝑡) is the stress induced from the very first spring (k0) and ∑ 𝜎𝑗(𝑡)𝑛
𝑗=1  is the stress 

induced from the sum of the n spring-dashpot pairs. 

Initially, the following derivation focuses on obtaining an expression for the visco-elastic 

component of the model (∑ 𝜎𝑗(𝑡)𝑛
𝑗=1  term in Equation (3.20)) as a function of strain. By 

definition, the stress induced from the spring can be expressed by: 

 𝜎𝑗(𝑡) =  𝑘𝑗𝜀𝑗
𝑘(𝑡) (3.21) 

Where 𝑘𝑗 and 𝜀𝑗
𝑘 are the spring constant and strain experienced by the spring in the jth pair of 

the spring-dashpot, respectively. 

By substituting Equation (3.21) into (3.20), 𝜎(𝑡) can be expressed as: 

 
𝜎(𝑡) =  𝜎0(𝑡) + ∑ 𝑘𝑗𝜀𝑗

𝑘(𝑡)

𝑛

𝑗=1

 (3.22) 

Similarly, the stress induced from the dashpot, which is same in magnitude as the stress 

induced from the spring in the same spring-dashpot pair, can be expressed by: 

 𝜎𝑗(𝑡) =  𝑐𝑗𝜀𝑗̇
𝑐(𝑡) (3.23) 
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Where 𝑐𝑗 and 𝜀𝑗̇
𝑐 are the dashpot constant and strain rate experienced by the dashpot in the jth 

pair of the spring-dashpot, respectively. 

By re-arranging Equation (3.21) and Equation (3.23): 

 𝑐𝑗𝜀𝑗̇
𝑐(𝑡) =  𝑘𝑗𝜀𝑗

𝑘(𝑡) (3.24) 

For each spring-dashpot pair, the sum of strains experienced can be expressed by the sum of 

strain experienced by the spring and the dashpot: 

 𝜀(𝑡) =  𝜀𝑗
𝑘(𝑡) +  𝜀𝑗

𝑐(𝑡) (3.25) 

By taking the derivative of Equation (3.25) with respect to time and an expression for 𝜀𝑗̇
𝑐 can be 

obtained: 

 𝜀𝑗̇
𝑐(𝑡) =  𝜀̇(𝑡) − 𝜀𝑗̇

𝑘(𝑡) (3.26) 

By substituting Equation (3.26) in to Equation (3.24): 

 𝑐𝑗[𝜀̇(𝑡) − 𝜀𝑗̇
𝑘(𝑡)] =  𝑘𝑗𝜀𝑗

𝑘(𝑡) (3.27) 

By applying a finite difference method on Equation (3.27) and assuming small increment of 

time (∆𝑡), an expression of 𝜀𝑗
𝑘(𝑡) can be obtained: 

 
𝜀𝑗

𝑘(𝑡) =  
𝜀(𝑡) − 𝜀(𝑡 − ∆𝑡) + 𝜀𝑗

𝑘(𝑡 − ∆𝑡)

𝑘𝑗

𝑐𝑗
∆𝑡 + 1

 (3.28) 

By substituting Equation (3.28) into Equation (3.22), then: 

 
𝜎(𝑡) =  𝜎0(𝑡) + ∑ 𝑘𝑗

𝜀(𝑡) − 𝜀(𝑡 − ∆𝑡) + 𝜀𝑗
𝑘(𝑡 − ∆𝑡)

𝑘𝑗

𝑐𝑗
∆𝑡 + 1

𝑛

𝑗=1

 (3.29) 

The expression or Equation (3.29) responsible for modelling the visco-elastic behaviour of the 

material, as a function of strain, is obtained. In order to further account for the non-linearity of 

the material behaviour, a second order polynomial is assumed for the spring (𝑘0): 

 𝜎0(𝑡) = 𝑘0
1𝜀(𝑡) + 𝑘0

2𝜀(𝑡)|𝜀(𝑡)| (3.30) 

By substituting Equation (3.30) in to Equation (3.29), the following is obtained: 
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 𝜎(𝑡) =  𝑘0
1𝜀(𝑡) +  𝑘0

2𝜀(𝑡)|𝜀(𝑡)|

+ ∑ 𝑘𝑗

𝜀(𝑡) − 𝜀(𝑡 − ∆𝑡) + 𝜀𝑗
𝑘(𝑡 − ∆𝑡)

𝑘𝑗

𝑐𝑗
∆𝑡 + 1

𝑛

𝑗=1

 (3.31) 

Where 𝑘0
1 and 𝑘0

2 are the coefficients of the second order polynomial. 

Equation (3.28) and Equation (3.31) are the relationships that constitutive of Wiechert model, 

which relates the strain experienced by the non-linear, visco-elastic to the stress. Therefore, at 

any time instance, given the measured strain of a material in loading direction, stress can be 

calculated. 

The Wiechert Model was adopted to characterise the signals generated from the pressure and 

shear sensor system. This was achieved by assuming that the change in captaincy signal is 

proportional to the strain experienced by the sensor frame or ∆𝐶(𝑡) ∝ 𝜀(𝑡). Therefore, the 

applied stress to the sensor frame was linked to the change in capacitance. By re-writing 

Equation (3.28) and Equation (3.31), the following expressions can be obtained: 

 
∆𝐶𝑗

𝑘(𝑡) =  
∆𝐶(𝑡) − ∆𝐶(𝑡 − ∆𝑡) + ∆𝐶𝑗

𝑘(𝑡 − ∆𝑡)

𝑘𝑗

𝑐𝑗
∆𝑡 + 1

 (3.32) 

and 

 𝜎(𝑡) =  𝑘0
1∆𝐶(𝑡) + 𝑘0

2∆𝐶(𝑡)|∆𝐶(𝑡)|

+ ∑ 𝑘𝑗

∆𝐶(𝑡) − ∆𝐶(𝑡 − ∆𝑡) + ∆𝐶𝑗
𝑘(𝑡 − ∆𝑡)

𝑘𝑗

𝑐𝑗
∆𝑡 + 1

𝑛

𝑗=1

 (3.33) 

3.4.4 Performance of the sensor system 

The material model described in the previous section was subsequently applied to both static 

and dynamic test data from the sensor system (Section 3.4.2). Key parameters, linearity, 

resolution, drift and hysteresis were chosen for the evaluation of the performance of the TRIPS 

sensor system. 

Linearity 
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Figure 3.32: Illustration of linearity error calculation on exemplary data. 

To illustrate the calculation of linearity error, Figure 3.16 presents exemplary outcome from a 

static sensor calibration test, whereby each loading step, i, corresponds to the capacitive signals 

from the sensor (ΔCi). The data is plotted with a linear model (ΔCl,i). Accordingly, sensor 

sensitivity is evaluated as the slope of that model, while linearity error is the maximum 

difference in the output between the experiment and the linear model and expressed as 

percentage of the latter, see Equation (3.34): 

 𝐿𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 𝐸𝑟𝑟𝑜𝑟 =  
|∆𝐶𝑖 − ∆𝐶𝑙,𝑖|

𝑚𝑎𝑥

∆𝐶𝑙,𝑖
× 100% (3.34) 

 

Figure 3.33 presents a typical response of an individual sensor to static loading. Linear models 

were fitted to the pressure and two shear channels of the sensor system output. Accordingly, 

the linearity errors for each of the channels were calculated according to Equation (3.34). For 

this particular sensor, pressure signal exhibits up to 11% of linearity error (Figure 3.33a). This 

was inevitable due to thin profile of the sensor, which promotes non-linear sensor response. 

However, 11% of linearity error is up to two times lower than those polymer based sensors 

[184-187]. Shear signal exhibits up to 2% linearity error and is symmetrical about the centre of 

the co-ordinate system (Figure 3.33b). 

 

Figure 3.33: Static response of the sensor system fitted with linear models 
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Noise based resolution 

The sensor system resolutions were evaluated by calculating root mean square of noise of the 

capacitance signal. Subsequently, the resolution in capacitance units was converted, via the 

signal-processing model, to stress with a unit of kPa. By using the results obtained in Figure 

3.33a and b, 3kPa, 3kPa and 2kPa of resolution were obtained in pressure, shear X and shear Y 

channels without any filtering, respectively. 

Drift Error 

 

Figure 3.34: Illustration of drift error calculation on exemplary data. 

Drift error at time was calculated as the difference between the signal recorded immediately 

after the load application (ΔC0) and the signal at time t (ΔC (t)) (Figure 3.34) and expressed as 

percentage of the latter, see Equation (3.35): 

 𝐷𝑟𝑖𝑓𝑡 𝐸𝑟𝑟𝑜𝑟 =  
|∆𝐶0 − ∆𝐶𝑡|

∆𝐶𝑡
× 100% (3.35) 

Figure 3.35 shows the sensor system response under constant load, as a function of time. Based 

on Figure 3.35, drift errors in both pressure and shear channels can be calculated using 

Equation (3.35).  

 

Figure 3.35: Sensor system response under constant load. 
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The outcomes of the drift evaluations (Table 3.1) suggest that in pressure channel, up to 15% 

and 4% of drift error was presented in the pressure and shear channels of the sensor system 

under 20min of constant loading. The sensor system drift is half that of the commercially 

available TekScanTM system [182]. It is also noteworthy that further improvement of the drift 

characteristics is possible and may be achieved using appropriate signal processing techniques. 

Table 3.1: Drift error of the sensors 

Time (min) 
Drift error (%) 

Pressure  Shear X Shear Y 

5 8 3 4 

10 11 3 4 

15 14 3 4 

20 15 3 4 

Hysteresis 

The hysteresis error was estimated from the hysteresis loops (Figure 3.36) as the maximum 

difference in output between loading and unloading parts of the cycle, expressed as percentage 

of the smaller of the two, see Equation (3.36). 

 

Figure 3.36: Illustration of hysteresis error calculation on exemplary data. 

 𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 𝐸𝑟𝑟𝑜𝑟 =  
|𝜎𝑙𝑜𝑎𝑑 − 𝜎𝑢𝑛𝑙𝑜𝑎𝑑|

𝜎𝑙𝑜𝑎𝑑
× 100% (3.36) 

Figure 3.37a and Figure 3.37b shows the sensor system dynamic response under dynamic 

loading with the loading profile described in Page 101. Based on the dynamic response of the 

sensor system, Equation (3.36) was used to calculate the hysteresis error. Based on 300 cycles 

of loading at 1Hz, hysteresis errors of up to 17% and 12% were measured in pressure and shear 

channels, respectively. When comparing to the hysteresis measured on TekScanTM system, an 

improvement of 29% in hysteresis error was evident. 
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Figure 3.37: Sensor system response under cyclic load. 

The TRIPS sensor system shows a greater performance in terms of linearity error, drift error 

and hysteresis. This is due to the application of a visco-elastic material model, compensating 

the sensor system performance in both static and dynamic conditions. 

Repeatability analysis 

Up to five sensors units were randomly selected for the assessment of intra-sensor 

repeatability. The sensor unit was first mounted on a compression platen (Figure 3.25). The 

orientation of the sensor unit was approximately fixed at the same direction with the aid of the 

alignment jig (Figure 3.38). Static pressure tests were carried out on each sensor unit with 

applied pressure profile illustrated in Figure 3.39a. The test was repeated five times. The sensor 

unit was removed from the platen and allowed to rest for 10 minutes between each of the 

tests. 10 minutes was chosen as it represents the time needed for the baseline signal to recover 

to zero values. It is worth noting that the shear test was not repeated due to the relatively 

higher risk in damaging the sensor in this type of test. 

 

Figure 3.38: A photo showing the sensor alignment jig (red). 
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Figure 3.39 illustrates the change in capacitance in a typical sensor unit, obtained from the 

sensor system, with five repeated mechanical calibration tests. A total of ten loading steps was 

performed, followed by 10 unloading steps. The measured capacitance was subsequently 

converted to the pressure values in kilopascals, based on the signal processing model (Section 

3.4.3). The largest separation in the pressure values, measured in each step, was identified 

using the results obtained from five repeated tests. The largest separation in pressure values, 

per sensor, was then identified (ΔPmax.) with its corresponding capacitance ΔCmax.. As an 

example, ΔPmax. of 5kPa unit was found in the 2nd step. Same analysis was applied to both Shear 

X channel and Shear Y Channel. 

 

Figure 3.39: (a) Applied pressure and (b) measured pressure a function of time. 

Table 3.2 shows the value of ΔCmax. and ΔPmax., obtained from five repeated test, for all five 

sensors. In the worst case scenario, ΔCmax. of up to 80 capacitance units was measured from 

Sensor 1. This corresponds to pressure value of approximately 5kPa. The worst case intra-

sensor repeatability of 5kPa among the five sensor units, was smaller than the value obtained 

on FSRs (approximately 8kPa) [232]. It is worth noting that only three repeated tests were 

conducted on one FSR-based sensor by other researchers. The average intra-sensor 

repeatability performance of FSR is still not clear at different loading conditions.  

Table 3.2: Intra-sensor repeatability based on five repeated tests of five sensors. 

Sensor 

No. 
Pressure 

 ΔCmax. ΔPmax.  

1 80 5kPa 

2 62 4kPa 

3 60 4kPa 
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4 72 5kPa 

5 63 3kPa 

 

Instead of using one set of visco-elastic parameter for the signal processing, for each of the 

sensor unit, both static and dynamic mechanical tests were performed. Subsequently, a signal-

processing model was fitted on the sensor output from mechanical tests. Therefore, a bespoke 

set of visco-elastic parameter was assigned to the signal processing model for each of the 

sensor unit. This is to minimise the inter-sensor variability contributed from the sensor unit 

manufacturing process (Section 3.3.2).  

3.4.5 Synchronisation between motion capture and sensor system 

Having introduced the 3D motion capture system and the TRIPS sensor system, in this section, 

the synchronisation of the data streamed from the two pieces of equipment will be introduced. 

The purpose of obtaining the synchronous measurement between the two systems is to 

investigate the association between the motion of the key lower limb landmarks and the stress 

profile at the socket interface. 

In order to obtain simultaneous measurements of the interface stresses and 3D coupling 

motion during the same walking test, a synchronisation device was designed. The schematics 

are shown in Figure 3.40 and the corresponding PCB shown in Figure 3.41a. When acquisition 

of the marker position started, a 5V trigger pulse was issued from the motion analysis system. 

Subsequently, this pulse was received by the sensor system controller via the synchronisation 

device, which marks the start of the data acquisition in the sensor system. The motion analysis 

system is chosen as the master device to trigger the start of the sensor system as oppose to 

the other way. The TRIPS sensor system can also be used to trigger the start of the motion 

analysis system. However, it is not recommended by the Senior Hardware Engineer in 

Codamotion, due to the noticeable latency in the motion analysis system. 

 

Figure 3.40: Schematics showing the circuitry of the synchronisation device, linking the 3D motion analysis system 
and sensor system 
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It is worth noting that, an optocoupler (PC367NTJ000F, SHARP Corporation, Osaka, Japan) was 

used to separate the circuitry on the motion analysis system from the one on TRIPS sensor 

system. This serves the purpose to protect the both electronic system from the excessive 

current flow. Appropriate sets of resistors on the motion analysis system side and the sensor 

system side were selected, such that there is an 11mA of current flowing between the 

synchronisation device (blue section in Figure 3.40), which is significantly lower that the 

manufacturer specified safety limit (24mA). On the sensor system side (green section in Figure 

3.40), 10mA is measured during operation, which is equivalent to the sensor system operating 

current. Two sets of data, one from the 3D motion analysis system and one from the stress 

sensor system, can then be temporally synchronised using their corresponding start time. 

Figure 3.41b illustrates the physical connection between the motion analysis system and the 

TRIPS sensor system. 

 

Figure 3.41: A schematic showing the connection between the 3D motion capturing system and the sensor system 
via a synchronisation device. 

A 5V DC power supply (72-8690A, TENMA) was used to emulate the motion analysis system. 

Subsequently, it was connected to the synchronisation device. An oscilloscope (DS2072A, 

RIGOL) was used to monitor the duration between switching 5V power supply on and the 

record of the first data by the DAQ. 90ns was measured and this value is significantly lower that 

the sample period of both system (10ms for TRIPS sensor system, 10ms for marker data and 

2ms for GRF). This means that the device is suitable for aligning the data from motion analysis 

system and TRIPS sensor system together. 
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3.5 Participant and research activities 

3.5.1 Able-bodied participants 

One able-bodied participant (denoted AB1) participated the study, approved by the University 

of Southampton Ethics and Research Governance Committee (ID: 12058). Table 3.3 shows the 

age, body mass and height of the able-bodied participant. No musculoskeletal dysfunction was 

reported by the participant and he is able to walk without any assistance repeatedly on both 

level and ramped walkway. 

Table 3.3: Age, body mass, height and the body mass index of the able-bodied participant. 

 AB1 

Age (years) 27 

Body mass (kg) 75 

Height (cm) 178 

Body mass Index (kg/m2) 23.6 

3.5.2 Amputee participants  

Three amputee participants participated this PhD project (Table 3.4). The institutional ethical 

application (ID: 12058) also covers the usage of the amputee test data. 

Table 3.4: Age, body mass and height of the amputee participants 

 Trans-tibial 1 Trans-tibial 2 Trans-tibial 3 Knee-disarticulation 

Age (years) 42 53 38 30 

Body mass (kg) 49 70 81 79 

Height (cm) 165 178 183 177 

Body mass index (kg/m2) 17.9 22.0 24.1 25.2 

Activity level K3 K3 K3 K3 

Side of amputation Right Left Right Right 

Time since amputation 5 24 18 Congenital 

The Trans-tibial 1 participant has residuum length of 114cm (Figure 3.42a) and has been using 

prosthetic limbs since 2011. He was fitted with a TSB suction socket with silicone sleeve, one 

thick sock, Silcare Breathe liner and an Elan prosthetic footTM. It is worth noting here the Elan 

foot was in participant’s habitual setting (Dorsi-flexion hydraulic ankle resistance of grade 5 and 

Plantar-flexion hydraulic ankle resistance of grade 5). 

Trans-tibial 2 participant was involved in a traffic accident, which caused the amputation on 

the left side. He had a stump length of 14cm, measured from the patella to the distal end of 
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the stump (Figure 3.42b). A TSB suction socket was prescribed by the prosthetist. It is worth 

noting that, excessive pain was reported at fibula head by the participant and a circular hole 

was cut around fibula head location of the socket. A silicone liner (Apls Corporation, perforation 

liner, 3mm) was worn the socket is suspended using the silicone suction sleeve. Echelon foot is 

his habitual prosthetic foot with plantar-flexion and dorsi-flexion hydraulic ankle resistance 

both set to 5. 

 

Figure 3.42: Photos showing the stumps of (a)-(c) the trans-tibial amputees and (d) the knee disarticulation 
amputee. 

Trans-tibial 3 participant suffered from trauma, which is the major cause of his amputation on 

the right side. After 18 years post-amputation, he has a stable residuum (Figure 3.42c), free 

from infection. He is prescribed with Elan prosthetic foot, a carbon fibre TSB socket with suction 

suspension, a 3mm silicone gel liner and two 3mm socks. 

The knee disarticulation amputee suffered from birth-defect complications. His residuum 

length was 440mm, from the greater trochanter to distal end of the residuum (Figure 3.42d). 

He was fitted with a supra-condylar suspension socket, one thick sock, a Pelite liner, a KX06 

prosthetic knee and an EchelonTM prosthetic foot. The prosthetic components mentioned here 

are his habitual ones. It is also worth noting that the EchelonTM foot was in his habitual setting 

(Dorsi-flexion hydraulic ankle resistance of grade 5 and Plantar-flexion hydraulic ankle 

resistance of grade 7). 

3.5.3 Research activities  

AB1, Trans-tibial 1 and knee disarticulation participants involved in the study to assess the 

lower limb joint mechanics. This study aims to understand the difference in load transfer at 

lower limb joints in both able-bodied and amputee participants with different amputation level.  
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Having understood the load transfer at both distal and proximal location of the interface, an 

interface kinematic model was developed to assess the 3D motion of the residuum, relative to 

the socket. Trans-tibial 1, Trans-tibial 2 and knee disarticulation participants involved in the 

study to assess the repeatability and sensitivity of the model.  

The corresponding interface kinetics will be assessed using the TRIPS sensor system. In this set 

of study, Trans-tibial 1, Trans-tibial 3 and knee disarticulation participants were involved. The 

repeatability and the sensitivity of the interface stresses measurements were studied. The 

detailed research activities is presented in Figure 3.43. 

 

Figure 3.43: Overview of the research activities. 
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Chapter 4 Human lower limb joint mechanics  

Human locomotion has been extensively studied in the past 40 years. 3D motion capture using 

infrared cameras and optical markers, combined with force plate(s), have been commonly used 

in gait laboratories. As reviewed in Section 2.4, socket interface biomechanics is intricately 

linked with limb motion and inverse dynamics during ambulation (Section 2.5). Thus, 

comprehensive studies of interface biomechanics must be underpinned by in-depth 

understanding of lower limb amputee gait. In particular, the characteristic difference between 

amputee gaits and able-bodied gait. The comparison of typical gait parameters between able-

bodied and amputee participants was undertaken and the effects of walking speed and terrain 

were also studied. This is because speed and terrain are two of the main factors, which may 

affect gait patterns (Section 2.5.3). Consequently, the importance of socket interface 

biomechanics to gait stability, safety and efficiency is highlighted in the context of overall 

amputee gait patterns. Furthermore, the suitability of 3D motion capture markers for interface 

dynamics is discussed. An illustrative schematic of the work associated with this chapter is 

shown in Figure 4.1. 

 

Figure 4.1: A flow chart showing the research activities involved in the abled-bodied and amputee gait analysis. 

4.1 Method 

4.1.1 Experimental protocol 

Upon arrival in the gait laboratory in Endolite research centre (Chas A Blatchford & Sons Ltd.), 

the able-bodied participant, as well as the amputee participants (trans-tibial 1 and knee 

disarticulation ) were first asked to change into Lycra. Subsequently, a total of 28 markers were 

placed at key anatomical landmarks based on a 6DoF maker model (Odin User Manual, 2016). 

The details of the marker placement protocol, for both able-bodied and amputee participants 



Chapter 4 Human lower limb joint mechanics 

 

118 | P a g e  
 

can be found in Section 3.2.1. It is worth noting there that only one investigator, the author of 

this thesis, was involved in the marker placement process. 

Four sessions of walking trials were performed, including: 

A1: Level walking tests 

In this set of tests, a reference set of gait analysis data will be collected on the able-bodied 

participant and amputee participants. Comparison will be made, in terms joint kinematics and 

kinetics, to highlight the need for a separate assessment of residuum/socket interface 

mechanics.  

The able-bodied participant and two amputee participants were asked to walk on a 10m level 

walkway at self-selected waking speed. In each of the trial, the participant was asked to make 

contact with the force platform with prosthetic side. At least ten successful trials were 

performed by each of the participants. A successful trial occurred when a ‘clean’ contact by the 

prosthetic foot was made on the force platform without any observable targeting or changes 

in stride pattern. A clean contact is defined as one in which all the key markers were visible 

combined with a complete single foot contact with the force platform.  

A2: Level walking tests with different walking speed 

The knee-disarticulation amputee was asked to perform three sessions of level walking trials 

on the 10m walkway. Walking cadence was controlled by a metronome beeping at 80 beats 

per minute (BPM) for slow speed, 100BPM for self-selected speed and 120 BPM for fast walking 

speed. Based on previous tests conducted on the knee disarticulation amputee, his level 

walking cadence is estimated at approximately 102BPM. Therefore, 100BPM was used as his 

self-selected walking cadence. In each of the trial, the participant was asked to make contact 

with the force platform with prosthetic side. At least ten successful trials were performed. 

A3: Walking tests on ramped surfaces 

This session of tests were conducted on the trans-tibial and the knee disarticulation amputees. 

In this session, both participants were asked to walk on a descending surface and an ascending 

surface. As mentioned in Section 3.1, the ramp has an angle of inclination of 5° and length of 

8m. Both participants were asked to walk at their self-selected speed for up to ten successful 

trials with their prosthetic side in contact with the force platform. 
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4.1.2 Data collection and analysis 

The collection of marker and GRF data can be found in Section 3.1.4. It is worth noting here; at 

least eight steps worth of data were captured in a single trial. Among those eight steps, data 

contained in a single step was extracted for further analysis. For the able-bodied participant, 

the single step corresponds to the step with the right side making full contact with the force 

platform. For amputee participants, the single step corresponds to the one with prosthetic side 

making contact with the force platform. 

Subsequently, the timing for IC was defined as the point when the vertical component of GRF 

was above 20N. Similarly, the timing for TO was defined as the point when the vertical 

component of GRF was below 20N. The end of the GC, or the IC of the next GC, was defined 

kinematically. This is because only one force platform was available in the gait laboratory. The 

timing of the peak hip extension of the contra-lateral limb was used as the timing for the second 

IC [233].  

Equation (2.1)-Equation (2.3), described in the literature review, were used in Odin software to 

calculate the joint kinetics, including joint moment and joint power, as a function of time. Data 

in the time domain were subsequently normalised to percentage of gait cycle. Zero percent of 

gait cycle is defined as the timing of the IC and the 100% of GC is defined the timing when the 

2nd IC occurs. The software then saves the raw marker data, GRF data, joint kinematic and joint 

kinetic in the form of Microsoft Excel spreadsheet. Matlab 2016a was subsequently used to 

calculate the mean and one standard deviation (SD) of the GRF data, joint kinematic and joint 

kinetic data, including joint moment and power. 

Minitab 17 statistical software was used to perform statistical analysis. For all parameters e.g. 

mean peak values and ROM, normality of the data was first check using Anderson-Darling test 

with p value of 0.05 set as the threshold. Paired t-tests were performed when comparing the 

difference between two the mean values, under different test conditions. The level of 

significance was also set at p<0.05. 

4.2 Joint mechanics on level surface 

Clinical evidence showed that the tissue viability might be compromised for lower limb 

amputees, resulting in pressure ulcers and friction blisters. From load transfer point of view, 

the formation of the tissue damage can be traced back to the prolonged and cyclic loading of 

tissue, as well as the biological behaviour of it. The loads, experienced at the residuum/socket 

interface, originated from the ground interface and further transfer through the prosthesis to 

the socket interface. Therefore, understanding the load experienced at both prosthetic joint 
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and biological joint becomes critical. The purpose of this section is to understand the difference 

in joint mechanics obtained from both the able-bodied group and amputee group with the aim 

to highlight the need for the direct assessment of socket interface mechanics.  

4.2.1 Ground reaction force 

As mentioned in Section 2.4.4, the GRF obtained on amputee group was significantly different 

from the able-bodied group, in terms of peak values. This was primarily due to the lack of load 

bearing capability at the socket interface, with the presence of bony prominences and the 

biological behaviour of the residuum tissue. The first step to understand the interface 

biomechanics is to investigate the load transfer at the ground interface. In this section, results 

were obtained from protocol A1, as mentioned in Section 4.1.1. 

Figure 4.2 shows the three components of GRF, obtained from the abled-bodied, trans-tibial 

and knee disarticulation participants, over a GC. Table 4.1 shows the peak value of the GRF, at 

early and TS of GC. 

 

Figure 4.2: Normalised (a) anterior-posterior, (b) medial-lateral and (c) vertical component of GRF, obtained over a 
GC on able-bodied, trans-tibial and knee-disarticulation participant. 

According to Table 4.1, the peak anterior-posterior GRF at early and TS were reduced (up to 

35%) on amputee participants, comparing to the value obtained on able-bodied participants. 
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With regards to the peak medial-lateral GRF, a reduction (up to 75%) was evident on the 

amputee participants. In early stance phase, a reduction in peak vertical GRF was evident on 

the amputee participants, comparing to those from the able-bodied participant. Little 

difference was revealed in the peak vertical GRF in TS, between the knee disarticulation 

participant and the able-bodied participant. However, the trans-tibial participant showed 

reduction of peak vertical GRF in TS (up to 23%), comparing to the value obtained for the able-

bodied participant. 

Table 4.1: Peak value of GRF obtained on able-bodied, trans-tibial and knee-disarticulation amputee participants. 

 Anterior – posterior GRF (N) Medial – lateral GRF 

(N) 

Vertical GRF (N) 

 Early stance TS Early stance TS 

Able-bodied -0.17±0.02 0.18±0.02 0.08±0.03 1.07±0.02 1.04±0.02 

Trans-tibial -0.11±0.01 0.14±0.02 0.06±0.03 0.90±0.01 0.80±0.01 

Knee disarticulation -0.13±0.01 0.14±0.02 0.02±0.02 1.05±0.01 1.05±0.03 

In general, based on the data collected in this study, a reduction in peak GRF was evident in 

amputee participants when comparing to the value obtained from the able-bodied participants. 

With comparison to the values reported in the literature, up to 12%, 50% and 35% reduction 

in peak GRF was found in anterior-posterior GRF, medial-lateral GRF and vertical GRF [114, 234]. 

Therefore, the findings reported in this study are consistent with the literature (Section 2.4.4). 

The reduction in the peak vertical GRF could be potentially associated with the impaired 

capability of weight bearing on the prosthetic side. It is also well known that the residuum tissue, 

biologically, is not suitable to be loaded or to distribute load. This would increase the risk of 

residuum tissue damage under prolonged loadings. Therefore, monitoring the load distribution 

at the socket interface, during dynamic gait, is critical to improve the socket comfort. The 

reduction in the peak braking force (Figure 4.2a) in early stance phase may potentially result in 

the increased risk of instability, during loading response. Muscles activation, together with tibial 

posterior movement against the socket may be evident to maintain the stability. Understanding 

the kinetics of the muscle and the kinematics movement of the tibia in socket is then critical to 

evaluate the walking stability for lower limb amputees. 

4.2.2 Ankle joint biomechanics 

The loss of a biological ankle can result in the lack of lower limb shock absorbing capability and 

controlled tibia advancement for both trans-tibial and knee disarticulation amputee (Section 

2.4.4). Therefore walking stability may be compromised due to the irregular centre of mass 

movement, in comparison to the able-bodied group. Further, for the trans-tibial amputee in 
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particular, the load transfer from a prosthetic ankle, through the pylon, can be directly 

associated with load experienced at the socket interface. In this section, ankle joint 

biomechanics will be studied, including ankle joint angle, moment and power.  

Ankle angle 

From IC to approximately 10% of GC, an increased plantar-flexion angle was evident on 

amputee participants (9°), comparing with the value (6°) obtained for the able-bodied 

participant (Figure 4.3a). This finding is inconsistent with the values reported in the literature 

[116, 117], as reduced ankle plantar-flexion motion was evident. This could be attributed to the 

design of the prosthetic ankle. In previous studies, the measured ankle plantar flexion motion 

during the early stance phase was primarily due to heel compression, with no hydraulic ankle 

unit presented in the foot design. For the present work, the feet of the amputee participants 

were composed of carbon-fibre leaf springs and a hydraulic ankle unit, which may be regarded 

as a prosthetic articulated joint. As the heel strikes the ground, the heel carbon fibre spring 

compresses, the hydraulic ankle rotates into plantar-flexion, enabling more forefoot contact 

on the ground. In the swing phase, little ankle movement was evident on amputee participants, 

while up to 15° of dorsi-flexion movement was observed on able-bodied participant. As the 

prosthetic feet are passive, no movement was expected unless they are loaded. 

 

Figure 4.3: (a) Ankle angle, (b) ankle moment and (c) ankle power, obtained over a GC on able-bodied participant, 
trans-tibial participant and knee disarticulation participant. 
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Ankle moment  

Greater dorsi-flexion moment (0.25Nm/kg(m/s)) was seen on the amputee participants to 

control the rate of ankle plantar-flexion, comparing the value obtained on the able-bodied 

participant (0.05Nm/kg(m/s)) (Figure 4.3b.) This may be attributed to the lack of control to 

achieve limb stability during loading response, as indicated in the previous reported study [120], 

therefore greater loads are needed for compensation. In addition, the location of the prosthetic 

ankle differs from the biological ones, which can induce a change in moment arm and transition 

time of the bending moment.  

Indeed, longer dorsi-flexion duration was also evident (up to 11% of GC on amputee 

participants and up to 8% of GC on able-bodied person). Similar findings were also reported in 

other studies [120]. The peak plantar-flexion moment in TS phase, was lower in amputee 

participants (0.75Nm/kg(m/s)), compared to that of the able-bodied participant 

(1.3Nm/kg(m/s)). Literature [235] suggested up to 60-70% of reduction and it likely due to the 

absence of the ankle plantar flexors. 

The effect of ankle mechanics on the residuum/socket interface can be assessed using ankle 

angle and moment. The ankle plantar-flexion motion that occurs during the loading response 

phase of walking assists in absorbing shock as load is rapidly transferred from the trailing to the 

leading leg. A greater ankle plantar-flexion movement was evident with a hydraulic ankle for 

amputee participant, compared with the able-bodied. This could mean that the hydraulic ankle 

offers an enhanced shock absorbing capability. However, a greater dorsi-flexion moment was 

evident on amputee participants, which could lead to an increased stress at anterior region of 

the residuum. This may potentially increase the risk of tissue damage. Therefore, analysis of 

interface mechanics with the effect different prosthetic foot technology is needed. This could 

potentially affect the prosthetic foot design in terms of the stiffness of the toe and heel spring, 

as well the resistance of the hydraulic ankle. 

Ankle power 

Peak ankle concentric power of 0.49W/kg(m/s) was obtained on amputee participants in the 

TS phase, while 2.0W/kg(m/s) of ankle power was obtained on the able-bodied participants, 

representing a five-fold decrease in the ankle power generation with the amputee participant 

(Figure 4.3c). This finding is consistent with four times reduction previously reported [235]. This 

result is likely due to the lack of active ankle plantar-flexion that limits the ability to generate 

push-off during pre-swing. 
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4.2.3 Knee joint biomechanics 

As mentioned in Section 2.4.2, for trans-femoral amputee in particular, little knee joint motion 

was observed, as opposed to approximately 20° of knee flexion motion observed for the able-

bodied group. The abnormal load transfer was also reflected on the knee joint moment and is 

directly linked to the loading profile at the socket interface. In this section, the knee joint 

biomechanics will be presented, including knee joint angle, moment and power.  

Knee angle 

It can be seen that, for the knee-disarticulation amputee, there was little knee flexion during 

the early stance phase (Figure 4.4a) which is consistent with previous studies  [101]. The early 

stance phase knee flexion proved difficult for the knee-disarticulation amputee to achieve, as 

it was associated knee buckling and potential falling. Up to 12° and 18° of knee flexion in early 

stance phase were observed on the trans-tibial and able-bodied participant, respectively. 

Similar findings were previously reported (up to 9°) [106]. 

 

Figure 4.4: (a) Knee angle, (b) knee moment and (c) knee power, obtained over a GC on able-bodied participant, 
trans-tibial participant and knee disarticulation participant. 

Knee moment 
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The greatest differences in knee moments occurred during early stance phase (Figure 4.4b). 

The able-bodied participant rely on the knee extensors to control knee flexion during weight 

acceptance. In contrast, the moment data obtained from amputee participants revealed 

negligible knee extensor moment with knee flexor moment dominating the stance phase. It is 

reported by Powers et al [106] that up to six times reduction of the knee moment was observed 

in amputee group comparing to the value obtained for an able-bodied group, which is 

consistent with the present study. The reduction of the peak knee joint moment could be 

associated with the presence of a biological knee joint, enclosed by a rigid socket in a non-linear, 

visco-elastic environment. However, results should be treated cautiously as Powers et al [106] 

also found there is a discrepancy between the moment data and the EMG results. This indicates 

mechanical measures of knee extensor demand and the actual physiologic response are not 

consistent. Either calculation of the energy flow and direct measuring of the load transferred 

through the prosthetic/body interface is needed to facilitate understanding of the overall limb 

biomechanics. 

With an absence of the knee flexion in stance phase, the conceptualised interface pressure can 

be estimated based on knee moment only. For a uniaxial free knee fitted on a knee 

disarticulation amputee, high pressure may be observed at anterior-proximal region and 

posterior-distal region due to the period of the knee extensor moment (0-10% of GC). From 

10%-40% of GC, knee flexion moment was evident. This could result in high pressure regions at 

posterior-proximal and anterior-distal locations. The pressure profile was proved to be 

different based on the socket design and different prosthetic knee technology. Therefore, the 

analysis of interface stress distribution in the plane of walking id critical for the design of the 

prosthetic knee. 

Knee Power 

A significant reduction in knee power absorption during the early stance phase was observed 

with the knee disarticulation participant (Figure 4.4c). This is due to the restricted knee flexion 

during the stance phase. This finding supports a previous study in which a 63% reduction of 

knee power absorption was reported during the loading response on the prosthetics limb [173]. 

It is suggested that for both trans-tibial and knee disarticulation amputees, the use of the hip 

joint is an alternative means of shock absorption, as well as the compensating mechanism on 

the contralateral side. In the TS phase, power generation was revealed on the trans-tibial 

amputee (0.8W/kg(m/s)), while power absorption was evident just before TO (-1.1W/kg(m/s)). 
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4.2.4 Hip joint biomechanics 

Hip joint biomechanics are often used as parameter to assess the performance of the 

prosthetic components as it is the only intact biological joint on both trans-tibial amputee and 

knee disarticulation amputee [101]. Further, for knee disarticulation amputees the motion and 

the loading at hip joint centre can be directly associated with the interaction between the 

residuum and the socket. Therefore, studying the hip joint biomechanics between the able-

bodied group and amputee group may facilitate the discussion on the interface biomechanics, 

particularly for non-trans-tibial amputees.  

Hip angle 

Increased hip ROM (Figure 4.5b) was observed with the amputee participants compared with 

the able-bodied participants (able-bodied: 36°, knee-disarticulation: 43° and trans-tibial: 40°). 

The finding is inconsistent with previous findings [122], as increased hip ROM (up to 15%) was 

evident on the amputee participant. This could be potentially explained by the lack of ability to 

control the limb due to the loss of muscle after amputation. 

 

Figure 4.5: (a) Hip angle, (b) hip moment and (c) hip power, obtained over a GC on able-bodied participant, trans-
tibial participant and knee disarticulation participant. 

Hip moment 
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The mean peak hip extensor moment observed on amputee participant (up to 0.7Nm/kg(m/s)) 

in early stance phase (Figure 4.5b) was higher than that on the able-bodied participant (up to 

0.3Nm/kg(m/s)), supporting previous findings [115, 120]. The knee disarticulation participant 

did not provide any active control of ankle and knee joints, the greater extension moment 

generated during early stance phase at the hip was probably to assist the forward progression 

of the limb. In TS phase, the highest hip flexion moment was evident on the trans-tibial 

amputee (0.8Nm/kg(m/s)), compared to those on the other two groups. 

Hip power 

Values of up to 1.1, 0.7 and 0.25W/kg(m/s) of hip power generation (Figure 4.5c) were obtained 

on the knee-disarticulation, trans-tibial and the able-bodied participant, respectively. This 

suggests that the amputee participants have a greater hip concentric power in early stance 

phase. In TS phase, up to 1.3 and 0.9W/kg(m/s) of hip power generation were obtained on the 

knee-disarticulation and able-bodied participant, respectively. Again, higher concentric hip 

power was generated by the amputee participant, both findings confirming previous data [119, 

120, 123]. This finding is likely attributed to the fact that for knee-disarticulation amputee, the 

hip is the only available biological joint to control the limb movement and maintain the stability 

at the same time. 

It is evident that, greater hip ROM, hip flexion moment and peak hip power was revealed for 

amputee participants, compared with the value obtained on the able-bodied participant. It is 

worth noting that, for non-trans-tibial amputees, a greater volume of tissue was presented on 

the residuum. This would result in a relatively lower tissue stiffness compared with tissue 

presented on trans-tibial amputee. A reduction in the stiffness, combined with a greater 

loading, would result in a greater movement between the residuum and socket. This might 

explain the reason why the suspension and the proprioception of the trans-femoral and knee 

disarticulation amputee is a major issue. This may be further linked to the Hi-Fi socket design 

mentioned in the literature review (Section 2.1.3), as it stabilised the soft tissue by applying 

compressive force at certain locations. 

4.3 Effect of walking speed on amputee joint mechanics 

As mentioned in Section 2.5.3, walking speed has a significant impact on the knee joint and hip 

joint force and moment. The investigation of the knee joint biomechanics and hip joint 

biomechanics within the socket, for trans-tibial amputee and knee disarticulation amputee, is 

critical for the understanding of the socket interface biomechanics. In this section, the results 
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obtained using protocol A2 was presented, in terms of GRF, joint angle, joint moment and joint 

power.  

4.3.1 Ground reaction forces 

As indicated in Figure 4.6a, up to 128±13N, 128±8N and 131±15N of anterior-posterior 

component of GRF was obtained, indicating little difference in the peak braking force, in early 

stance phase. However, in the TS phase, up to 111±5N, 126±8N and 149±9N propulsive force 

was obtained when walking at slow, self-selected and fast speed, respectively. It is then evident 

that the increase in walking speed led to higher propulsive force, at ground interface, in 

anterior-posterior direction. 

 

Figure 4.6: (a) Anterior-posterior, (b) medial-lateral and (c) vertical component of GRF, obtained over a GC on the 
knee-disarticulation participant, when walking at slow, self-selected and fast speed, respectively. 

In early stance phase, highest medial-lateral (54N±11) GRF was observed when walking at fast 

speed, this was followed by 48N±10N obtained when walking at slow speed and 39N±4N 

obtained when walking at self-selected speed (Figure 4.6b). Up to 41N of medial-lateral 

component of GRF was obtained at TS phase, regardless of walking speed.  

It is evident that, in the mid-stance, up to 643±20N, 556±10N and 488±25N of vertical 

component of GRF was obtained when walking at slow, self-selected and fast walking speed 
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(Figure 4.6c). It is hence evident that the increase in walking speed led to the decrease of 

vertical component of GRF at this time instant. This finding is consistent with the reported study 

on able-bodied participants [236]. With the transfer of the force from the ground interface to 

proximal locations, i.e. the socket, higher force could be experienced by the residuum. This may 

potentially lead to an increased axial movement between the residuum and the socket, as well 

as a higher chance of internal tissue breakdown.  

4.3.2 Ankle joint biomechanics 

At about 35% of GC (Figure 4.7a), up to 0.00±0.00°, -0.89±0.30° and -2±0.50° of ankle angle 

was obtained at ankle dorsi-flexion process. It is evident that the increase in walking speed led 

to reduction in ankle angle. Figure 4.7b shows the peak ankle bending moment of 

0.68±0.02Nm/kg(m/s), 0.62±0.01Nm/kg(m/s) and 0.55±0.02Nm/kg(m/s) obtained when 

walking at slow, self-selected and fast walking speed, respectively. This suggested that the 

increase in walking speed also led to the decrease in ankle bending moment. Between 20-35% 

of GC, the increase in walking speed has led to the increase of negative power while between 

35-45% of GC, the increase in walking speed has led to the decrease in negative power (Figure 

4.7c).  

 

Figure 4.7: (a) Ankle angle, (b) ankle moment and (c) ankle power obtained over a GC on the knee-disarticulation 
participant, when walking at slow, self-selected and fast speed, respectively. 
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4.3.3 Knee joint biomechanics 

In early stance, little knee flexion is observed (Figure 4.8a). From TS phase to mid-swing phase, 

up to 32±4°, 44±2° and 49±2° of knee flexion ankle was obtained when walking at slow, self-

selected and fast walking speed. In other words, the increase in walking speed led to the 

increase in the peak knee flexion angle.  

Peak knee extension moment of -0.34±0.03Nm/kg(m/s), -0.27±0.02Nm/kg(m/s) and -

0.22±0.02Nm/kg(m/s) were obtained when walking at slow, self-selected and fast walking 

speed (Figure 4.8b), respectively. It is evident that the increase in walking speed led to the 

decrease of magnitude of the knee flexion moment.  

The peak prosthetic knee power (Figure 4.8c) showed up to -0.55±0.1W/kg(m/s), -

0.89±0.1W/kg(m/s) and 0.89±0.1W/kg(m/s) when walking at slow, self-selected and fast 

walking speed, respectively. When comparing the peak prosthetic knee power at slow speed 

to the value obtained at self-selected and fast speed, up to 62% of increase was observed. 

However, little difference was found in peak prosthetic knee power when walking at self-

selected and fast speed. 

 

Figure 4.8: (a) Knee angle, (b) knee moment and (c) knee power, obtained over a GC on the knee-disarticulation 
participant, when walking at slow, self-selected and fast speed, respectively. 
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4.3.4 Hip joint biomechanics 

When comparing the hip ROM obtained three different walking speed (Figure 4.9a), little 

difference was found (slow: 50±0.5°, self-selected 50±0.3° and fast: 51±0.5°). Figure 4.9b shows 

the hip joint moment as a function of GC. At TS phase, hip flexion moment of up to -

0.50±0.08Nm/kg(m/s), 0.65±0.04Nm/kg(m/s) and 0.70±0.08Nm/kg(m/s) were obtained when 

walking at slow, self-selected and fast walking speed. It is evident that the increase in walking 

speed has led to the increase in the peak hip flexion moment at TS phase. Eccentric hip flexor 

activity (negative power in Figure 4.9c) was observed in the TS phase (approximately 50% of 

GC) and the increase in walking speed led to the increase in eccentric hip power (slow: -

0.57±0.12W/kg(m/s), self-selected -0.97±0.17W/kg(m/s), and fast: -1.24±0.12W/kg(m/s)). 

 

Figure 4.9: (a) hip angle, (b) hip moment and (c) hip power, obtained over a GC on the knee-disarticulation 
participant, when walking at slow, self-selected and fast speed, respectively. 

4.4 Effect of terrain on amputee joint mechanics 

The ability of lower limb amputee to negotiate ramped surfaces is severely affected by the loss 

of ankle joint and foot as well as the muscle associated with it. In addition, inclination surfaces 

increase the risks to stumble when the prosthetic limb is mobile above the ground. Therefore, 

maintaining the residuum stability and health inside the socket when engaging ramped surface 

is critical. In this section, the joint mechanics will be studied as a function of terrain for both 

trans-tibial and knee disarticulation participants. This is to gain understanding of the joint 
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mechanics to facilitate the further discussion on the interface mechanics when walking on 

different terrains.  

4.4.1 Ground reaction force 

Figure 4.10 and Figure 4.11 show the GRF as a function of GC, obtained for the trans-tibial and 

the knee disarticulation amputee participants, respectively. Table 4.2 illustrates the peak GRF 

values at early and TS of the GC. 

 

Figure 4.10: (a) Anterior-posterior, (b) medial-lateral and (c) vertical component of GRF, obtained over a GC on a 
trans-tibial participant, walking on level, descending and ascending surface. 

An increase of early stance braking force was evident on both knee disarticulation (up to 37N) 

and trans-tibial amputee participant (up to 45N) on the descending ramp, compared with the 

value obtained on the level surface. While the in TS phase, a decrease of propulsive force was 

measured on both knee disarticulation (up to 21N) and trans-tibial amputee participant (up to 

12N), compared with the value obtained on the level surface. When walking on the ascending 

ramp, a decrease in braking force was observed on both knee disarticulation (up to 88N) and 

trans-tibial amputee participants (up to 120N), in early stance phase. While in TS, an increase 

in propulsive force was observed on both participants (knee disarticulation: up to 88N, trans-

tibial: up to 17N). 
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When walking on descending ramp, the increase in braking force in early stance phase may be 

associated with the need of a greater braking force to oppose the components of the body 

weight acting down the ramp. When walking on the ascending ramp, the increase in propulsive 

force may be associated with the demand for a greater force to overcome the component of 

body weight acting down the ramp. It can be estimated that the greater braking force on the 

descending surface and the greater propulsive force on the ascending surface, could potentially 

lead to the greater relative movement and loading at the residuum/socket interface. 

 

Figure 4.11: (a) Anterior-posterior, (b) medial-lateral and (c) vertical component of GRF, obtained over a GC on the 
knee disarticulation participant, when walking on level, descending and ascending surface. 

The highest medial-lateral components of GRF were observed when walking on the descending 

ramp and level surface, for the trans-tibial and knee disarticulation amputee participant, 

respectively. This was probably resulted from the lack of stability in frontal plane when walking 

on the descending ramp and could be potentially reflected on the residuum/socket interface 

as well. 

 

Table 4.2: Peak value of GRF obtained on the trans-tibial and the knee-disarticulation participant. 

 Anterior – posterior GRF (N) Medial – lateral GRF 

(N) 

Vertical GRF (N) 

 Early stance TS Early stance TS 
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Trans-tibial      

Level -86±10 101±5 20±9 692±9 642±11 

Descent -131±10 89±7 35±6 685±25 599±11 

Ascent -9±4 106±4 20±3 547±27 625±7 

Knee disarticulation      

Level -102±9 110±6 49±10 841±20 825±16 

Descent -139±13 81±6 42±6 857±22 764±14 

Ascent -51±19 169±7 48±9 828±16 797±20 

In early stance phase, vertical GRF showed similar peak value on the trans-tibial participant 

when walking on level and descending surfaces. For the knee disarticulation amputee, the 

highest peak vertical GRF was observed when walking on descending ramp (857N). It is 

estimated that greater axial movement of residuum could be revealed, with a greater vertical 

load exerted on the prosthetic side. In TS phase, the highest peak GRF value was obtained when 

walking on level surface for both participants. 

4.4.1 Ankle joint biomechanics 

Figure 4.12 and Figure 4.13 show ankle joint biomechanics, as a function of GC for the trans-

tibial and knee disarticulation participant, respectively. Using the value obtained at IC as a 

reference, the ankle plantar-flexion and dorsi-flexion angle obtained at early stance phase and 

TS phase is presented in Table 4.3. 

It is evident that the greatest value for ankle plantar-flexion was obtained when walking on the 

descending ramp. This is likely attributed to the need for full foot contact with the walkway in 

early stance phase, when walking on a descending ramp, to ensure limb stability. The greatest 

value for ankle dorsi-flexion was obtained when walking on the ascending ramp, as rapid 

advancement of the shank is needed for an energetic propulsion in TS.  

Table 4.3: Prosthetic ankle plantar-flexion and dorsi-flexion angle obtained on the trans-tibial and knee 
disarticulation participant. 

 Trans-tibia participant Knee disarticulation participant 

 Level Descent Ascent Level Descent Ascent 

Plantar-flexion (°) 7.1±0.5 11.1±0.5 9.0±0.4 8.8±0.2 10.2±0.3 7.2±0.3 

Dorsi-flexion (°) 11.1±0.5 8.4±0.4 11.3±0.4 10.7±0.3 11.1±0.3 11.9±0.3 
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Figure 4.12: (a) Ankle angle, (b) ankle moment and (c) ankle power, obtained over a GC on a trans-tibial 
participant, when walking on level, descending and ascending surfaces. 

Figure 4.12b and Figure 4.13b show ankle bending moment obtained for the trans-tibial and 

the knee disarticulation amputees, respectively. Peak ankle bending moments, including ankle 

dorsi-flexion in early stance phase and ankle plantar-flexion in TS, are presented in Table 4.4. 

Highest dorsi-flexion moment was achieved when walking on the descending ramp to lower 

the foot down to the surface, achieving limb stability. This could further lead to an increase 

pressure in anterior region of the residuum, as the dorsi-flexor tends to stop the prosthetic 

pylon from advancing forward. In addition, the greatest plantar-flexion moment was observed 

when walking on the ascending ramp to achieve an upward and forward ‘push-off’.  

Table 4.4: Prosthetic ankle bending moment obtained on the trans-tibial and knee disarticulation participant. 

 Trans-tibia participant Knee disarticulation participant 

Unit: Nm/kg(m/s) Level Descent Ascent Level Descent Ascent 

Dorsi-flexion -0.24±0.03 -0.33±0.03 -0.24±0.01 -0.26±0.02 -0.31±0.02 -0.30±0.01 

Plantar-flexion 0.69±0.02 0.78±0.02 0.88±0.01 0.60±0.03 0.59±0.01 0.55±0.02 
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Figure 4.13: (a) Ankle angle, (b) ankle moment and (c) ankle power, obtained over a GC on a knee disarticulation 
participant, walking on level, descending and ascending surfaces. 

With particular focus on the power generation in TS, for the trans-tibial amputee (Figure 4.12c), 

the highest ankle power (0.73± 0.02W/kg(m/s)) was observed when walking on the ascending 

ramp. This is followed by the value generated when walking on descending and level surfaces. 

For the knee disarticulation amputee (Figure 4.13c), a mean power generation of up to 0.38± 

0.02W/kg(m/s) was obtained when walking on all terrains. 

4.4.2 Knee joint biomechanics 

For the trans-tibial amputee, in early stance phase, knee flexion movement was observed when 

walking on both level and descending surface, while knee extension movement was evident 

when walking on the ascending ramp (Figure 4.14a). By contrast for the knee disarticulation 

participant, minimal knee flexion was observed (Figure 4.15a), supporting findings from 

previous studies [27, 237]. When comparing the knee ROM, it is clear from Table 4.5 that the 

highest ROM was observed when walking on the descending ramp for both trans-tibial and 

knee disarticulation participants.  
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Table 4.5: Knee ROM obtained on the trans-tibial and knee disarticulation participant. 

 Trans-tibia participant Knee disarticulation participant 

 Level Descent Ascent Level Descent Ascent 

Knee ROM (°) 68.8±0.9 73.4±1.0 69.5±0.5 59.4±0.5 64.6±0.6 59.4±0.6 

 

 

Figure 4.14: (a) Knee angle, (b) knee moment and (c) knee power, obtained over a GC on the trans-tibial 
participant, when walking on level, descending and ascending surfaces. 

The major difference in knee moment between both amputees was during the early stance 

phase. For the trans-tibial participant, a positive moment (knee extension in Figure 4.14b and 

Figure 4.15b) was evident which was absent for the knee disarticulation amputee, a finding 

previously reported by Segal et al [101]. The knee extension moment observed in early stance 

phase supports the knee from buckling, especially when walking on the ascending ramp. 

Therefore, higher pressure may be experience at the anterior region of the residuum. It was 

also evident that the highest flexion moment, observed at 40-50% of GC, was obtained when 

walking on the ascending ramp, followed by the value obtained when walking on level and 

descending surfaces. 
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Figure 4.15: (a) Knee angle, (b) knee moment and (c) knee power, obtained over a GC on a knee disarticulation 
participant, walking on level, descending and ascending surfaces. 

Highest power generation was observed at TS phase when walking on ascending ramp for both 

trans-tibial (0.90±0.07W/kg(m/s) in Figure 4.14b) and knee disarticulation amputees 

(0.18±0.08W/kg(m/s) in Figure 4.15b). 

4.4.3 Hip joint biomechanics 

At IC, the hip joint is at a more extended angular position (trans-tibial: 31° and knee 

disarticulation: 49° in Figure 4.16) when walking on the ascending ramp, while it is aligned at a 

more flexed angular position (trans-tibial: 17° and knee disarticulation: 36°) when walking on 

the descending ramp, compared to the values obtained during level walking (trans-tibial: 21° 

and knee disarticulation: 43°). The hip ROM, as presented in Table 4.6, revealed the highest 

values when walking on the ascending ramp and the lowest when walking on the level surface. 
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Figure 4.16: (a) Hip angle, (b) hip moment and (c) hip power, obtained over a GC on a trans-tibial participant, 
walking on level, descending and ascending surfaces. 

Table 4.6: Hip ROM obtained on the trans-tibial and knee disarticulation participant. 

 Trans-tibia participant Knee disarticulation participant 

 Level Descent Ascent Level Descent Ascent 

Hip ROM (°) 44.0±1.0 36.9±0.8 53.1±0.9 50.3±1.2 46.2±1.0 52.9±0.6 

 

It is evident that during most of the stance phase (0-40% of GC), highest hip joint moment was 

obtained when walking on the ascending ramp, followed by the value obtained on the level and 

descending surfaces (Figure 4.16b and Figure 4.17b). Just prior to TO, the peak hip joint 

moment was unaffected by the nature of the terrain (TT: -0.86±0.04Nm/kg(m/s) and TF: -

0.60±0.06Nm/kg(m/s)). 
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Figure 4.17: (a) Hip angle, (b) hip moment and (c) hip power, obtained over a GC on a knee disarticulation 
participant, walking on level, descending and ascending surfaces. 

The highest concentric hip extensor activity, just before 20% of GC, occurred when walking on 

the ascending ramp (TT: 1.53±0.08W/kg(m/s) in Figure 4.16c and TF: 0.81±0.1W/kg(m/s) in 

Figure 4.17c). By contrast, during TS (40-50% of GC), the highest eccentric hip flexor power was 

observed when walking on the ascending ramp (TT: 0.69±0.08W/kg(m/s) and TF: 

0.44±0.09W/kg(m/s)). 

It has been demonstrated that there was clear differences in joint mechanics, when comparing 

between the able-bodied group and the amputee group. This reflects on the reduction in peak 

GRF, peak ankle dorsi-flexion moment and the absence of the knee extensor for the knee 

disarticulation amputee. The load transfer schematics described in Section 2.5.1 suggests that 

the interface biomechanics is highly dependent on the load transfer distal to the socket. Indeed, 

the load transferred from the ground interface, through the prosthetic limb was significantly 

different, comparing to able-bodied group. The understanding of the amputee joint 

biomechanics could further facilitate and explain the interface biomechanics.  

The capability of the 3D motion analysis system has also been demonstrated. The gait analysis 

results obtained on the able-bodied participant was comparable to the values reported in the 

literature. The sensitivity of the system has been demonstrated using the difference observed 
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in joint mechanics when walking on difference walking speeds and terrains. This suggested that 

the 3D motion analysis system could be appropriate to use for the evaluation of interface 

kinematics. 

The joint kinetics obtained when walking at different walking speed and on different terrain, 

may be further used to facilitate the discussion of residuum/socket interface biomechanics. For 

example, a higher dorsi-flexion moment was achieved when walking on the descending ramp, 

compared with the value obtained on the ascending ramp. This could further lead to an 

increase pressure in anterior region of the residuum, as the dorsi-flexor tends to stop to the 

prosthetic pylon from advancing forward. It is therefore evident that it is critical to understand 

the residuum/socket interface biomechanics as it could make a positive impact on the socket 

interface, in terms of stability, mobility and tissue health. Furthermore, the understanding of 

the interface mechanics could shed lights on the mechanics of the extra joint form by the 

residuum and the socket, which conventional gait analysis does not consider. 
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Chapter 5 3D motion of the lower limb residuum 

As reviewed in Chapter 2, the assessment of the residuum motion in socket has long been 

recognised to be important for socket designs (Section 2.1.3), gait stability and safety (Section 

2.2.2), stump tissue health (Section 2.2.3) and overall rehabilitation outcomes. Despite the 

known need and reported studies using large facilities such as SXCT and DRSA, the lack of an 

easy and potentially clinically accessible means still hinders biomechanical studies in this area.  

This chapter aims to address this challenge by developing a novel method using 3D motion 

capture system with a view to characterising residuum motion during ambulation. As compared 

with reported method in the literature (Section 2.6.1), this assessment exploits standard gait 

laboratory facilities such as 3D motion capture system, which are available in some 

rehabilitation clinics. A first of its kind interface kinematic model was developed to provide 

quantitative assessment of residuum angular and axial movement relative to socket as a 

function of GCs. A knee-disarticulation and a trans-tibial participant have been involved in the 

walking tests for the preliminary evaluation of the method in terms of its effectiveness, 

repeatability and sensitivity. Figure 5.1 provides an overview of the research activities involved. 

 

 

Figure 5.1: A flow chart to overview the research activities. 
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5.1 Development of the interface kinematic model for knee disarticulation amputee 

A knee-disarticulation participant was first chosen in this study as, in general, the relative stump 

motion for trans-femoral amputee is greater than that of trans-tibial amputee. This is largely 

due to presence a greater volume of residuum tissue at the interface, which may result in a 

greater residuum movement inside the socket. This may further lead to the lack of 

proprioception of the limb and gait stability may be compromised. In this section, the details 

of the interface kinematic model is presented, which uses the 3D position of infra-red-based 

markers (Section 3.1.1) as inputs. In particular, segment definition, angular motion and axial 

motion are included below. 

5.1.1 Segment definition 

A VRS was formed by linking HJC and KPC (Figure 5.2a – red dashed line). The VRS co-ordinate 

system with an origin located at KPC was defined using a method described by Cappozzo [127] 

which is commonly used for thigh segment models on abled-bodied participants. The z-axis 

(ZVRS) represents the vector connecting KPC to HJC. The x-axis (XVRS) was perpendicular to ZVRS, 

lying in the plane formed by HJC, LKP and MKP, with the lateral direction defined as positive. 

The Y-axis (YVRS) was defined as the orthogonal axis to the x–z plane, with the anterior direction 

defined as positive. 

 

Figure 5.2: (a) Definition of Virtual Residuum Segment (VRS), (b) Socket Segment (SS) with their local co-ordinate 
systems 
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The socket cluster, which was previously used to determine the orientation of a rigid segment, 

allowed construction of SS and its local co-ordinate system. The SS was defined by linking KPC 

and the Soc. 0 marker on the socket cluster (Figure 5.2b – green dashed line), with its co-

ordinate system constructed with reference to three markers on the socket cluster. The Y-axis 

(YSS) was in the direction of the vector from the origin, Soc. 0 to Soc. 1. The z-axis (ZSS) was in 

the direction of the vector from Soc. 0 to Soc. 3. The x-axis (XSS) was orthogonal to the y–z plane, 

with the lateral direction defined as positive. 

5.1.2 3D angular motion between VRS and SS 

Due to the dynamic nature of the SS, quasi-anatomical planes (Figure 5.3) were defined. YSS and 

ZSS created the quasi-sagittal plane, XSS and ZSS created the quasi-coronal plane and XSS and YSS 

created the quasi-transverse plane. The SS co-ordinate system was chosen as the reference 

frame to describe the relative motion of the VRS co-ordinate system. The VRS angular motion 

in the sagittal plane (α in Figure 5.3b), angular motion in the coronal plane (β in Figure 5.3c) 

and the transverse plane (γ in Figure 5.3d) were evaluated by using Carden angle. The step by 

step calculation of α, β and γ are described below. 

 

Figure 5.3: (a) Definitions of quasi-anatomical planes, (b) angular motion in quasi-sagittal plane, (c) angular motion 
in quasi-coronal plane and (d) angular motion in quasi-transverse plane. 

Equation (5.1) describes the rotational relationship between the VRS local co-ordinate system 

and SS local co-ordinate system in the particular time frame of a GC. 
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 [

𝑥𝑉𝑅𝑆

𝑦𝑉𝑅𝑆

𝑧𝑉𝑅𝑆

] = 𝑅 ∙ [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

] (5.1) 

 

Where the rotational matrix 𝑅 [238] can be expressed by Equation (5.2), 

 
[

𝑅11 𝑅12 𝑅13

𝑅21 𝑅22 𝑅23

𝑅13 𝑅23 𝑅33

]=

[

𝑐𝑜𝑠𝛽 ∙ 𝑐𝑜𝑠𝛾 𝑐𝑜𝑠𝛾 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑠𝑖𝑛𝛼 − 𝑐𝑜𝑠𝛼 ∙ 𝑠𝑖𝑛𝛾 𝑠𝑖𝑛𝛾 ∙ 𝑠𝑖𝑛𝛼 − 𝑐𝑜𝑠𝛾 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑐𝑜𝑠𝛼
−𝑠𝑖𝑛𝛾 ∙ 𝑐𝑜𝑠𝛽 𝑐𝑜𝑠𝛼 ∙ 𝑐𝑜𝑠𝛾 − 𝑠𝑖𝑛𝛼 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑠𝑖𝑛𝛾 𝑠𝑖𝑛𝛾 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑐𝑜𝑠𝛼 + 𝑐𝑜𝑠𝛾 ∙ 𝑠𝑖𝑛𝛼

𝑠𝑖𝑛𝛽 −𝑐𝑜𝑠𝛽 ∙ 𝑠𝑖𝑛𝛼 𝑐𝑠𝑜𝛼 ∙ 𝑐𝑜𝑠𝛽
] 

(5.2) 

By multiplying the inverse of [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

] or [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

]

−1

to both left and right hand side of the Equation 

(5.1), we obtain Equation (5.4): 

 [

𝑥𝑉𝑅𝑆

𝑦𝑉𝑅𝑆

𝑧𝑉𝑅𝑆

] [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

]

−1

= 𝑅 ∙ [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

] [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

]

−1

 (5.3) 

It is evident that Equation (5.4) can be simplified to: 

 [

𝑥𝑉𝑅𝑆

𝑦𝑉𝑅𝑆

𝑧𝑉𝑅𝑆

] [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

]

−1

= 𝑅 (5.4) 

The left hand side part of Equation (5.4) can be obtained based on the marker output from the 

3D motion capture system, using the definitions described in Section 5.1.1. Here, we define: 

 [

𝑥𝑉𝑅𝑆

𝑦𝑉𝑅𝑆

𝑧𝑉𝑅𝑆

] [

𝑥𝑆𝑆

𝑦𝑆𝑆

𝑧𝑆𝑆

]

−1

= [

𝑇11 𝑇12 𝑇13

𝑇21 𝑇22 𝑇23

𝑇13 𝑇23 𝑇33

] = 𝑅 (5.5) 

 

By re-arranging Equation (5.2) and Equation (5.5): 

 
[

𝑇11 𝑇12 𝑇13

𝑇21 𝑇22 𝑇23

𝑇13 𝑇23 𝑇33

]

=  [

𝑐𝑜𝑠𝛽 ∙ 𝑐𝑜𝑠𝛾 𝑐𝑜𝑠𝛾 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑠𝑖𝑛𝛼 − 𝑐𝑜𝑠𝛼 ∙ 𝑠𝑖𝑛𝛾 𝑠𝑖𝑛𝛾 ∙ 𝑠𝑖𝑛𝛼 − 𝑐𝑜𝑠𝛾 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑐𝑜𝑠𝛼
−𝑠𝑖𝑛𝛾 ∙ 𝑐𝑜𝑠𝛽 𝑐𝑜𝑠𝛼 ∙ 𝑐𝑜𝑠𝛾 − 𝑠𝑖𝑛𝛼 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑠𝑖𝑛𝛾 𝑠𝑖𝑛𝛾 ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑐𝑜𝑠𝛼 + 𝑐𝑜𝑠𝛾 ∙ 𝑠𝑖𝑛𝛼

𝑠𝑖𝑛𝛽 −𝑐𝑜𝑠𝛽 ∙ 𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼 ∙ 𝑐𝑜𝑠𝛽
] 

(5.6) 
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By equating the elements on the 3rd row, 1st column of the left and right side of the Equation 

(5.6): 

 𝑇13 = 𝑠𝑖𝑛𝛽 (5.7) 

By taking the inverse sin on both sides of Equation (5.7), an expression for the angular motion 

in coronal plane 𝛽 can be obtained: 

 𝛽 = 𝑠𝑖𝑛−1(𝑇13) (5.8) 

By manipulating the 3rd row, 2nd and 3rd elements on both side of Equation (5.6): 

 𝑇23

𝑇33
=  

−𝑐𝑜𝑠𝛽 ∙ 𝑠𝑖𝑛𝛼

𝑐𝑜𝑠𝛼 ∙ 𝑐𝑜𝑠𝛽
=  −

𝑠𝑖𝑛𝛼

𝑐𝑜𝑠𝛼
=  −𝑡𝑎𝑛𝛼 (5.9) 

Therefore, the angular motion in the sagittal plane 𝛼, can be obtained using Equation (5.10): 

 
𝛼 = −𝑡𝑎𝑛−1(

𝑇23

𝑇33
) (5.10) 

By manipulating the 1st column,1st and 2nd elements on both side of Equation (5.6): 

 𝑇21

𝑇11
=  

−𝑠𝑖𝑛𝛾 ∙ 𝑐𝑜𝑠𝛽

𝑐𝑜𝑠𝛽 ∙ 𝑐𝑜𝑠𝛾
=  −

𝑠𝑖𝑛𝛾

𝑐𝑜𝑠𝛾
=  −𝑡𝑎𝑛𝛾 (5.11) 

Therefore, the angular motion in transverse plane 𝛾, can be obtained using Equation (5.12): 

 
𝛾 = −𝑡𝑎𝑛−1(

𝑇21

𝑇11
) (5.12) 

It is worth noting, the calculation process of 𝛼, 𝛽 and 𝛾 at a particular time frame during gait, 

will be repeated for the whole dynamic GC. 

5.1.3 Axial length between VRS and SS 

The residuum/socket axial length, L, defined as the magnitude of the vector from KPC to HJC 

(Figure 5.4), was calculated at each timeframe of the dynamic motion capture, using Equation 

(5.13). The change in the residuum/socket axial length refers to the degree of attachment and 

suspension of the socket to the residuum. The decrease and increase in the axial length can be 

associated with the compressive and tensile loads applied to the residuum/socket interface. 
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Figure 5.4: Definition of axial length, L 

 
𝐿 = √(𝐻𝐽𝐶𝑥 − 𝐾𝑃𝐶𝑥)2 + (𝐻𝐽𝐶𝑦 − 𝐾𝑃𝐶𝑦)2 + (𝐻𝐽𝐶𝑧 − 𝐾𝑃𝐶𝑧)2 

 

(5.13) 

5.2 Development of the interface kinematic model for trans-tibial amputee 

A socket interface kinematic model for trans-tibial amputee was subsequently developed. For 

trans-tibial amputee, the evaluation of the residuum movement can be directly associated with 

the assessment of the socket design (Section 2.1.3) and fit. Further, the kinematic interaction 

between the truncated bone and the soft tissue may be further associated with the deep tissue 

damage (Section 2.2.3). In this section, an interface kinematic model will be described. In 

particular, segment definition, angular and axial length are included below. 

In total, nine virtual markers were used in the interface kinematic model (Figure 5.5a). Six of 

them are used to construct the VRS, including MAP, LAP, APC, MFE, LFE and KJC (Figure 5.5b). 

With the repeat use of MAP, LAP and APC virtual markers, together with MSP, LSP and SPC 

virtual markers, SS were constructed. 
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Figure 5.5: (a) key landmarks involved in the interface kinematic model, (b) definition of VRS and its local co-
ordinate system and (c) definition of the SS and its local co-ordinate system. 

5.2.1 Segment definition  

VRS, on a trans-tibial residuum/socket interface, is defined by connecting APC to KJC. The z-axis 

of the VRS local co-ordinate system or ZVRS is defined as unit vector starting from the APC, 

pointing towards the KJC. The y-axis of the VRS local co-ordinates system or YVRS is defined as 

the unit vector normal to the plane (red plane highlighted in Figure 5.5b) formed MAP, LAP and 

KJC virtual markers, in an anterior direction. Finally, the x-axis of the VRS local co-ordinate 

system or XVRS is defined as the unit vector orthogonal to both ZVRS and YVRS. 

SS, on the trans-tibial residuum/socket interface, is defined by connecting APC to SPC. The z-

axis of the SS local co-ordinate system or ZSS is defined as unit vector starting from the APC, 

pointing towards the SPC. The y-axis of the SS local co-ordinates system or YSS is defined as the 

unit vector normal to the plane (green plane highlighted in Figure 5.5c) formed MAP, LAP and 

SPC virtual markers, in the anterior direction. Finally, the x-axis of the SS local co-ordinate 

system or XSS is defined as the unit vector orthogonal to both ZSS and YSS. 

5.2.2 3D angular motion between VRS and SS 

Due to the dynamic nature of the SS, reference planes (Figure 5.6a) were defined. YSS and ZSS 

created the sagittal plane, XSS and ZSS created the coronal plane and XSS and YSS created the 

transverse plane. The SS co-ordinate system was chosen as the reference frame to describe 

relative motion of the VRS co-ordinate system. The VRS movement was chosen for analysis, 

relative to SS, as it aligns with the ‘thigh’ segment defined in the conventional gait analysis. The 

VRS angular motion in sagittal plane (α in Figure 5.6b), angular motion in coronal plane (β in 
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Figure 5.6c) and angular motion in transverse plane (γ in Figure 5.6d) was evaluated by using 

the Carden angle (Section 5.1.2).  

 

Figure 5.6: (a) Definitions of reference planes, (b) angular motion in sagittal plane, (c) angular motion in coronal 
plane and (d) angular motion in transverse plane. 
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5.2.3 Axial length between VRS and SS 

 

Figure 5.7: Definition of axial length, L 

The residuum/socket axial length, L, defined as the magnitude of the vector from KPC to HJC 

(Figure 5.7), was calculated at each timeframe of the dynamic motion capture, using Equation 

(5.14). The residuum/socket axial length refers to the degree of attachment and suspension of 

the socket to the residuum. The decrease and increase in the axial length may be associated 

with the compressive and tensile loads applied to the residuum/socket interface, namely, 

 
𝐿 = √(𝐴𝑃𝐶𝑥 − 𝐾𝐽𝐶𝑥)2 + (𝐴𝑃𝐶𝑦 − 𝐾𝐽𝐶𝑦)2 + (𝐴𝑃𝐶𝑧 − 𝐾𝐽𝐶𝑧)2 

 

(5.14) 
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5.3 Method 

The aim of amputee walking tests here is to evaluate the effectiveness of the interface 

kinematic model, intra- and inter-session repeatability and sensitivity. Therefore, three 

amputee participants are recruited in this study, briefly representing the trans-femoral and 

trans-tibial amputee cohorts. However, it is worth noting most of the studies have been based 

on the knee disarticulation amputee due to the relatively larger residuum motion, comparing 

to that on trans-tibial participants.  

5.3.1 Experimental protocol 

Knee disarticulation participant 

Amputees perform varies daily living activities [239] such as standing, sit-to-stand, shifting 

weight and swing etc. These above-mentioned activities are also commonly included in the 

physiotherapy exercises and in prosthetic socket fitting process [240, 241]. The quality of 

socket fit when performing these activities was largely based on the observation from the 

prosthetist and amputee feedback. Understanding the interactions between the residuum and 

the socket could potentially aid with socket rectification, providing an evidence based 

adjustment of socket fit in addition to feedback from the amputee. Four non-walking activates 

were perform by the knee disarticulation amputee as listed below.  

Among the four non-walking activities, four of them involve weight bearing. Simple weight 

bearing activities were performed first because they represent the instances experienced in 

the stance phase of a complex GC. The biomechanics at socket interface maybe relatively easier 

to understand with the aid of simple weight bearing activities. It is worth noting that, when 

performing non-walking activities, the participant was wearing an Echelon prosthetic foot with 

hydraulic ankle resistance set at his habitual settings. 

 A1: weight bearing on both limbs  

The participant was told to use his prosthetic limb making contact with the force platform 

(Figure 5.8a) statically for a period of approximately five seconds. Five seconds was chosen as 

it represents the time for the participant for reach a stable posture. 
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Figure 5.8: (a) weight bearing on both limb, (b) full weight bearing on contra-lateral side, i.e. lifting the prosthetic 
limb and (c) shifting the weight on and off. 

 A2: non-weight bearing 

With an aid of a crutch, the participant was asked to lift his prosthetic limb away from the 

ground. In the meantime, the contra-lateral side still remains statically on the floor. Once the 

prosthetic side clears from the ground, then the participant was told to remain at this posture 

for approximately five seconds. 

 A3: full-weight bearing 

With an aid of a crutch, the participant was told to lift this contra-lateral limb off from the floor. 

In the meantime, the prosthetic limb remains statically on the ground. The participant remains 

at this posture for approximately five seconds. 

 A4: sit-to-stand 

Various muscles and joints needs to co-ordinate in a synergistic manner, in order to conduct 

sit-to-stand activity for able-bodied group. For amputee group, this is particularly challenging 

due to the loss of thigh muscle, a biological knee joint and an ankle joint. The performance of 

the socket interface during this activity becomes particularly important as it may affect the 

subsequent initiation of ambulation. 

A chair was prepared and the participant was asked to remain the seated position. Then the 

participant was given the verbal instruction of ‘stand up’ with his normal pace until a stable 

posture was reached (Figure 5.9). 
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Figure 5.9: Participant performing sit-to-standing activity 

 A5: Level walking 

Level walking activities were performed at controlled walking speed. In each of the level walking 

trial, the participant was told to use their prosthetic side making contact with the force platform. 

Up to 10 trials were performed in each session. 

For the knee disarticulation amputee, in order to evaluate the intra-session repeatability of the 

interface kinematic kinematic model, up to 10 sessions of level walking tests were conducted. 

A 10-sessions-study was designed based on the precision-based sample size calculation. The 

designed sample size also served purpose of analysing interface kinematic difference obtained 

between two years. 

 

2 × 𝑆𝐷 × √
1

𝑛1
+

1

𝑛2
= ∆ (5.15) 

In Equation (5.15), the numerical number 2 was obtained from the 95% confidence interval 

based on the normal distribution. SD represents the standard deviation that of the 

measurement obtained from previously reported studies or by conducting a pilot study. n1 and 

n2, represent the sample size required for a short-term study and a long-term study. Here, it is 

assumed that the sample size required for both study is equal to each other. ∆ represents the 

minimal difference that needs to be detected with 95% confidence interval. SD value of 0.75° 

was selected as it was the value reported by Childress and Siebert [169] for angular motion 

measured by Vicon 3D motion capture system. ∆  value of 0.6° was selected as it was the 

minimal angular movement reported by Covnery and Murray [8] when walking on difference 
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terrains. By substituting SD value and ∆ value into Equation (5.15). Sample size of five was need 

for the in each year. 

In each of the session, the knee disarticulation participant worn exactly the same prosthetic 

components, i.e. Echelon VT prosthetic foot, KX06 prosthetic knee, supra-condylar suspension 

carbon fibre socket, Pelite liner and one thick sock. The alignment of the prosthetic 

components was examined by a senior prosthetist at the beginning of each session. It is also 

worth noting that the time of start for conducting data collection sessions were approximately 

between 11:00am to 11:30am. This is to minimise the variation of socket fit quality at different 

of the day. In addition, in each of the level walking session, walking speed is controlled by a 

metronome at 100BPM. 

 A6: Level walking with different speed 

Followed by level walking data collection session, two more level walking data collection 

sessions were performed by the knee disarticulation participant. There are three days in 

between the two sessions. 

In each of the session, the participant was asked to walk at slower and faster walking speed 

with respect to the self-selected. Walking cadence was controlled by a metronome at 80BPM 

(slow walking cadence), 100BPM (self-selected walking cadence) and 120BPM (fast walking 

cadence). 20% increase of walking cadence was selected, as it is the fastest cadence without 

compromising the safety of the participant during level walking. The detailed protocol was 

illustrated in Figure 5.10. 

 

Figure 5.10: Experimental protocol for investigating the effect of walking speed on interface kinematics. 

 A7: Walking on different terrains 
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In this session, all of the walking tests were conducted on both level and ramped surfaces as 

mentioned in Section 3.1, with all walking cadence controlled with a metronome at 100BPM. 

The detailed test protocol is illustrated in Figure 5.11. 

Two repeated sessions were performed with Echelon hydraulic ankle resistance set to the 

habitual value (plantar-flexion resistance of 5 and dorsi-flexion resistance of 7). It is worth 

noting that, in both test sessions, there was no alteration of prosthetic components and the 

prosthetic alignment was verified by a senior prosthetist. In test Session 1, the participant was 

asked to walk on level surface, followed by walking on a descending ramp and subsequently on 

an ascending ramp. In order to minimise the effect of bias on the order of the test protocol, 

the order of the protocol, on ramped surface, was switched in test Session 2 (see Figure 5.11). 

 

Figure 5.11: Experimental protocol for investigating the effect of terrain on interface kinematics. 

 A8: Walking activities with different hydraulic ankle setting 

The detailed experimental protocol for both participants is illustrated in Figure 5.12. The test 

started with walking on the level surface with self-selected walking speed. The hydraulic ankle 

resistance was set to the habitual value (plantar-flexion resistance of 5 and dorsi-flexion 

resistance of 7). The protocol is followed by walking on the descending ramp with the same 

ankle resistance setting used during level walking. Next, the hydraulic resistance setting was 

tuned by a senior prosthetist to brake mode. The data collection session is repeated by walking 

on the descending ramp at self-selected speed. Subsequently, the hydraulic ankle resistance 

was tuned back to the habitual setting and the participant was asked to walking on the 

ascending ramp. Finally, the hydraulic ankle resistance was adjusted to assist mode. Walking 

session is then repeated on the ascending ramp. The same study was repeated in a week time. 
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However, the protocol started with level walking and followed by ramp ascending and ramp 

descending. This is to minimise the bias resulted from the order of the protocol. 

 

Figure 5.12: Experimental protocol for investigating the effect of hydraulic ankle resistance setting to interface 
kinematics. 

 A9: Walking activities with different prosthetic limb technology 

This case study aims to evaluate the effect of two different prosthetic knee technologies on the 

residuum/socket interface kinematic motion. The knee disarticulation participant took part in 

the study and was fitted with an Echelon foot, KX06 polycentric knee (Figure 5.13a) and a 

supracondylar suspension socket. In order to eliminate the potential effect of axial and 

torsional shock absorber, the VT unit is removed and the length of the prosthetic pylon is re-

adjusted to accommodate absence of the VT unit. As the prosthetic component is no longer 

the habitual ones, a senior prosthetist verified the alignment of the prosthetic components and 
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the fit of the socket prior to testing. Participant was then asked to walk on the level walkway 

with walking cadence at 100BPM. 

 

Figure 5.13: (a) The knee-disarticulation participant fitted with (a) a KX06 polycentric knee and (b) Orion 3 knee. 

 

Figure 5.14: Experimental protocol for investigating the effect of prosthetic knee to interface kinematics. 

At the end of the first level walking test, participant was asked to rest with prosthesis, worn 

below the socket, doffed. This process removes the influence of donning/doffing of the socket 

on the residuum/socket interface mechanics. At the same time, the senior prosthetist switched 

the polycentric KX06 knee (Figure 5.13a) to the microprocessor controlled Orion 3 knee (Figure 
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5.13b). With attention to re-produce the alignment and height of the prosthesis, an extra 

prosthetic female adapter was fitted at the bottom of the socket. Then the participant was 

asked to perform the same level walking activity with walking cadence controlled at 100BPM. 

The detailed experimental protocol can be found in Figure 5.14. 

Trans-tibial participants 

 B1: level walking activities 

For trans-tibial 1 participant, two level walking data collection sessions were conducted. During 

each of the session, participant’s habitual prosthetic components were worn. A metronome, 

set at 120BPM, was used to control the walking cadence. The metronome settings were close 

to their self-selected walking cadence. Two level walking sessions were conducted on this 

participant and there is one week between session 1 and session 2. Similarly, the starting time 

of the data collection sessions were approximately fixed at 10:30am. For trans-tibial 2 

participant, only one level walking session was conducted. The participant was asked to walk 

at self-selected walking speed with his habitual prosthetic components. Both participants were 

wearing their habitual prosthetic foot (Echelon foot for Trans-tibial 1 and Elan foot for Trans-

tibial 2 participant) in all subsequent studies. It is worth noting that the Elan and Echelon both 

incorporates a hydraulic ankle unit, however, the hydraulic resistance was controlled by 

microprocessor for the Elan foot. 

 B2: Walking on different terrains 

A single data collection session was performed with trans-tibial 1 amputee. The Elan hydraulic 

ankle resistance was set to the habitual value (plantar-flexion resistance of 5 and dorsi-flexion 

resistance of 5). The participant was first asked to walk on the level surface, followed by walking 

on the descending and ascending ramps. 

 B3: walking with two suspension techniques 

Trans-tibial 1 participant took part in the study. Instead of using his habitual prosthetic 

components, he was asked to use Echelon Vac prosthetic foot. In this study, only level walking 

activity is involved. It is worth noting that, without adjust the hydraulic setting on the Echelon 

Vac foot, it has the same functionality compared with the Elan prosthetic foot (habitual 

prosthetic foot) when walking on the level surface. Therefore, it minimises the effect of the 

change in prosthesis to the gait of the participant. To start with, the tube links the Echelon Vac 

prosthetic foot and the valve mounted on socket was disconnected by a senior prosthetist, 
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such that no active vacuum is allowed to build inside the socket. Participant was subsequently 

told to perform level walking activity at self-selected speed. 

The tube was subsequently re-connected between the Echelon Vac foot and the valve mounted 

on the socket, allowing vacuum to build at the interface. Prior to the data collection session, 

the participant was told to walking along the gait laboratory for two minutes until vacuum was 

build inside the socket. Subsequently, he was asked to walk along the level walkway at self-

selected speed. The detail protocol of this study is illustrated in Figure 5.15. 

 

Figure 5.15: Experimental protocol for investigating the effect of socket suspension to interface kinematics. 

5.3.2 Data collection and analysis 

Data collection and processing 

The method for raw real marker and virtual marker data collection was the same as previous 

studies and can be found in Section 4.1.2. Using the raw real marker and virtual marker data, 

VRS and SS segment with their local co-ordinate system (Section 5.1.1) were first construction 

using Matlab 2016a. Subsequently, angular motion and axial length were calculated for each of 

walking trials using the equations described in Section 5.1.2 and Section 5.1.3, respectively. The 
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mean and one SD values for each of the angular and axial length, over a GC, were calculated 

from all clean trials. The detailed Matlab scripts for the calculation of angular and axial length 

can be found in Appendix A4.  

Statistical analysis 

The waveform repeatability was analysed using coefficient of multiple correlation (CMC). The 

CMC analysis was performed on both results obtained within each session and across all 10 test 

sessions. CMC analysis was chosen as it was previously used to study the waveform 

repeatability of the joint kinematics, obtained from motion analysis systems [242]. 

For the analysis of waveform repeatability within a test day, Equation (5.16) was used. 

 

𝑅𝐼𝑛𝑡𝑟𝑎
2 = 1 −

∑ (𝑌𝑖𝑗𝑡 − 𝑌𝑖𝑡)
2

/𝑀𝑇(𝑁 − 1)𝑀,𝑁,𝑇
𝑖,𝑗,𝑡

∑ (𝑌𝑖𝑗𝑡 − 𝑌𝑖)
2

/(𝑁𝑀𝑇 − 1)𝑀,𝑁,𝑇
𝑖,𝑗,𝑡

 (5.16) 

where  𝑌𝑖𝑗𝑡  is the tth time point of the jth trial on the ith test day. 𝑌𝑖𝑡  is the average at time poing 

ton the ith test day, namely, 

 
𝑌𝑖𝑡 =

1

𝑁
∑ 𝑌𝑖𝑗𝑡

𝑁

𝑗=1

 (5.17) 

𝑌𝑖𝑡  is the mean on the ith day and is given by, 

 
𝑌𝑖 =

1

𝑁𝑇
− ∑ 𝑌𝑖𝑗𝑡

𝑁,𝑇

𝑗,𝑡=1

 (5.18) 

For the analysis of waveform repeatability across different test days, Equation (5.19) was used. 

 

𝑅𝐼𝑛𝑡𝑒𝑟
2 = 1 −

∑ (𝑌𝑖𝑗𝑡 − 𝑌𝑡)
2

/𝑇(𝑁𝑀 − 1)𝑀,𝑁,𝑇
𝑖,𝑗,𝑡

∑ (𝑌𝑖𝑗𝑡 − 𝑌)
2

/(𝑁𝑀𝑇 − 1)𝑀,𝑁,𝑇
𝑖,𝑗,𝑡

 (5.19) 

where 𝑌𝑡 is the average at time point t over NM GCs, namely, 

 
𝑌𝑡 =

1

𝑁𝑀
∑ 𝑌𝑖𝑗𝑡

𝑀,𝑁

𝑖,𝑗=1

 (5.20) 

and 𝑌 is the mean over time and given by 

 
𝑌 =

1

𝑁𝑀𝑇
∑ 𝑌𝑖𝑗𝑡

𝑀,𝑁,𝑇

𝑖,𝑗,𝑡=1

 (5.21) 

The calculation of 𝑅𝐼𝑛𝑡𝑟𝑎
2  and 𝑅𝐼𝑛𝑡𝑒𝑟

2  was performed in Matlab 2017b. 
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Minitab 17 statistical software was used t. For all parameters, normality of the data was first 

check using Anderson-Darling test with p value of 0.05 set as threshold. Paired t-test was 

performed when comparing difference between two the mean values, under different test 

conditions. The level of significance was also set at p<0.05. 

5.4 3D residuum motion results - knee disarticulation amputee 

5.4.1 Non-walking activities 

 Static weight bearing activities (A1-A3) 

Three static weight bearing activities were performed by the knee disarticulation amputee. 

These corresponds to A1, A2 and A3 activities described in Section 5.3.1. 

Up to 492±0.5mm of axial length is obtained over a period of five seconds during when the 

weight was borne on both limb (A1, black line in Figure 5.16a). When the weight was borne on 

both limb, up to 446N (dotted line in Figure 5.16b) and 340N (Dash-dot line in Figure 5.16b) of 

vertical GRF was measured on the contra-lateral and prosthetic side, respectively. Therefore, a 

greater load (up to 106N) was experienced on the contra-lateral side than the prosthetic side. 

When the same test was repeated with both limb making contact with the force platform, up 

to 789N of vertical GRF was measured and this is equivalent to the sum of the two forces 

experienced on the prosthetic and contra-lateral side. It is envisaged that, when loading 

symmetry of the GRF changes, the axial length of the interface would change accordingly, which 

could affect the overall length of the limb on the prosthetic side. The axial length obtained can 

then provide measurement to the prosthetist to assist the adjustment of the prosthetic limb 

length.  

 

Figure 5.16: (a) Axial length and (b) GRF as a function of time, obtained from three weight bearing trials 
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Approximately 486±1.0mm of axial length was obtained when performing full-weight bearing 

trial (A2, red line in Figure 5.16a). Fluctuation between 2s-3s was observed as well as the 

greater SD. The participant, with the crutch assisting, was trying to keep himself balanced 

during the five-second of data collection period. 

When shifting the whole body weight to the contra-lateral limb (A3, blue line in Figure 5.16a), 

approximately 512mm of axial length was obtained and it kept increasing during the five-

second data collection period, reaching roughly 523mm at the end of the trial. This is equivalent 

to an 11mm lengthening of the residuum during this activity. It is worth noting that the 

lengthening process of the residuum was also visually evident. As reported by the participant, 

he did not feel secure due to the dropping of the prosthesis and also claimed that the muscles 

were fired up order to keep the socket attached to the residuum. The supra-condylar 

suspension socket, together with the rest of the prosthesis, was designed to be suspended at 

the medial and lateral femoral epicondyles. When the residuum was under tensile force, due 

to the weight of the socket and the rest of the prosthesis, the residuum was pulled away from 

the socket. This may induce a reduction in proprioception and the participant tends to regain 

the proprioception by firing the muscle. By performing this simple trial, socket suspension and 

the prosthetic limb stability, under tensile force, can be assessed.  

When comparing the values obtained from three weight bearing trials. Shortest axial length 

was obtained during full weight bearing trial (486mm), this followed by the value obtained 

during weight bearing on both limb (492mm) and none weight bearing on prosthetic limb 

(512mm). This is likely due to the compressive and tensile force experienced during three 

weight bearing activities. A compressive force could shorten the axial length, as the residuum 

is ‘pushed into’ the socket. A tensile force (main contributed from the gravitational force of the 

prosthesis) could lengthen the axial length, as the residuum is ‘pulled-out’ of the socket. 

 A4: Sit-to-stand 

During the sit to standing transition (Figure 5.17a), the angular motion in sagittal plane 

decreased from 0° (0s) to -8° (0.32s). It subsequently increased to +7° (1.2s). This is equivalent 

to a 15° ROM in sagittal plane during sit-to-stand transition. The decrease of the angular motion 

could be associated with the residuum engagement with anterior region of the socket, when 

trying to stand up. In addition, the increase of the angular motion may be associated to the 

needs of posterior support during weight bearing. During standing period (from 1.2s to 

approximately 4s), the angular motion in sagittal plane remain steady with a fluctuation of less 

than 1°. The ROM of angular motion in coronal and transverse plane are both approximately 
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within 1° (Figure 5.17a). Convery and Murray reported 13° of angular motion in sagittal plane 

(Figure 2.41), which is comparable to the value obtained in the current study. However, a 

significantly higher value was reported in coronal plane (15° in Figure 2.41), compared with the 

current study. This is likely contributed from difference in level of amputation (trans-femoral 

amputee and knee disarticulation amputee). For the knee disarticulation amputee, distal end 

of the femur was commonly used as a pivot point and the non-rigid angular motion was evident 

at femoral head (proximal part). However, the trans-femoral QUAD socket design, used in 

Convery and Murrays’s, study tends to give a larger medial-lateral movement at distal end of 

the femur, as reported in literature (Figure 2.7c). 

Sit-to-stand trial is a simple action that frequently performed by amputee during daily life. It is 

envisaged that such activity can be used for prosthetic limb assessment. It has the potential to 

inform the prosthetists the stability of the socket interface via angular motion value and degree 

of control of prostheses via the time take to finish the activity.  

It is evident that, in this particular trial, the angular motion is dominated by the motion in 

sagittal plane. This aligns with the magnitude of forces experienced at the ground interface, as 

higher peak anterior-posterior GRF (-126N at 0.31s in Figure 5.17b) was measured comparing 

to that the medial-lateral of GRF (-16N in Figure 5.17b). It is also worth noting that, the timing 

at which the peak angular motion in sagittal plane (0.32s) occurs, matches well with the in 

anterior-posterior GRF (0.31s). This suggests that there may be a correlation between the 

forces experienced at ground interface and kinematic motion experienced at residuum/socket 

interface. 
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Figure 5.17: (a) Angular motion, (b) anterior-posterior and medial-lateral component of GRF, (c) axial length and (d) 
vertical component of GRF, obtained during sit-to-standing activities 

Relative to the value observed at time zero, axial length decreased from 0mm (t=0s) to -28mm 

(t=0.32s), as shown in Figure 5.17c. It is followed by the increase of axial length from -28mm 

(t=0.32) to +20mm (t=0.84s). Then it decrease from +20mm back to value close to zero at the 

end of the sit-to-stand transition. It is worth noting that increase and decrease of axial could 

be associated with the residuum ‘push-into’ the socket and ‘pull-out’ of the socket.  

Similar pattern is observed in vertical component of GRF, as shown in Figure 5.17d. The vertical 

component of GRF increase from 0N (t=0) to approximately 931N (t=0.33s) or 128% of BW, 

suggesting the vertical force, greater than body weight, is required by this subject to change 

from a sitting positon to standing position. This increase in vertical GRF also matches well with 

the decrease in axial length as the residuum was loaded. As the vertical GRF decreases from 

931 (t=0.33s) to 531N (t=0.86s), during which the residuum is off-loaded slightly, the axial 

length restores. The final increase of vertical GRF during the end of sit-to-stand transition 

period may be associated with the weight balancing of the amputee, which also aligns with the 

further decrease in axial length. During standing period, there is a slight decrease of axial length 

(approximately 3mm) during a period of 2.8s. 

5.4.2 Level walking activities 

The section presents the results obtained by performing protocol A5 (Section 5.3.1). 

An estimation of the mean (±1SD) residuum/socket angular coupling in the sagittal plane is 

presented in Figure 5.18a. During the stance phase, there was a general increase in angular 

motion from 0° at 0% of GC to a maximum value of 12° at approximately 60% of GC. This 
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increase in angular motion indicates the anti-clockwise rotation of the VRS relative to the SS 

according to Figure 5.3b, engaging with posterior-proximal region of the socket. By contrast, in 

the swing phase, the angular motion was restored to the original value observed at 0% of GC. 

This suggests a clockwise rotation of the VRS relative to SS, engaging with anterior-proximal 

region of the socket. 

 

Figure 5.18: (a) Angular motion in sagittal plane (b) anterior-posterior component of GRF, obtained from the knee 
disarticulation participant across 27 months.  

To facilitate the explanation of the residuum/socket interface angular biomechanics in sagittal 

plane, anterior-posterior component of GRF (Figure 5.18b) was used as it represents the 

principle load experienced at the ground interface. From 0% of GC to mid-stance, the prosthetic 

knee and socket can be treated as a relatively rigid segment as they remained extended to 

support the stance phase of walking [243]. At the same time, the anterior-posterior component 

of GRF decreased from approximately 0N (0%) to about 75N (at 20% of GC). This suggests that 

the GRF in the direction opposing the body progression was acted on the prosthetic foot. The 

combination of these phenomenon resulted in the VRS rotation in anti-clockwise direction 

relative to the SS, prior to mid-stance. 

During the transition from 20% of GC to 30% of GC, the anterior-posterior component of GRF 

diminished. Thus, the angular displacement of the residuum relative to the socket, stayed 

relatively constant. During TS phase, with the HJC behind the socket in the sagittal plane, hip 

flexion began to occur. Simultaneously, the femur within the residuum propels the prosthetic 

forward, initiating swing phase. In swing phase, the residuum decelerated, meaning the 

prosthesis has a greater angular velocity than the residuum. This causes the residuum to rotate 

in clockwise direction, relative to the socket. 

It is clear that from 0% to about 20% of the GC, the angular motion in coronal plane increased 

from 0° to a maximum value of 4.5° (Figure 5.3b). This is equivalent to that the VRS consistently 
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rotated in anti-clockwise direction according to Figure 5.3b, suggesting the residuum was 

engaging with the medial side of the socket. Beyond this point, there was a divergence of 

responses until TS phase (45% of GC), such that six sessions indicated a plateau in the angular 

displacement, while the other indicated the continued rotation until late stance phase. From 

this point onwards, the angular motion in sagittal plane increase until approximately 60% of 

GC, suggesting an anti-clockwise rotation of the residuum relative to socket according to Figure 

5.3b. In swing phase, the angular motion was restored to the original value observed at 0% of 

GC. 

 

Figure 5.19: (a) Angular motion in coronal plane, over a GC across 27 months (b) medial-lateral component of GRF, 
obtained from the knee disarticulation participant. 

To facilitate the biomechanical explanation of the angular motion in coronal plane, medial-

lateral component of GRF (Figure 5.19b) was used, as it represents the principle loading the 

coronal plane at ground interface. As shown in Figure 5.19, the medial-lateral GRF increases 

from 0N at 0% of GC to a peak value of approximately 42N at 20% of GC, acting medially to the 

foot. This medial-directed force was further transferred proximally to the prosthetic, which 

caused the anti-clockwise rotation of the socket. In relative terms, the residuum rotated 

clockwise, so its proximal end was closer to the medial side of the socket brim. From TS phase 

to the end of the stance, the increase of the angular motion in coronal plane could be explained 

by the decrease of the of the medial-lateral component of GRF. This in effect, acts to restore 

the residuum angular position relative to the socket. 

Up to 1.5° of residuum angular displacement relative to socket was observed in transverse 

plane, as shown in Figure 5.20. During most of the stance phase, the angular motion stayed at 

a value close to zero and it only began to change during wing phase. It is worth noting that the 

angular motion in transverse plane, contained in 10 data collection sessions, were small, 

comparing to that in the sagittal plane and coronal plane. 
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Figure 5.20: Angular motion in transverse plane, over a GC across 27 months 

From 0% of GC to approximately 20% of GC, there is a decrease in axial length, suggesting the 

residuum has been ‘pushed into’ the socket (Figure 5.21). It is followed by restoration of the 

axial length from 20% of GC to approximately 30% of the GC (mid-stance). As the gait 

progresses from mid-stance to TS (50% of GC), the axial length further decrease, suggesting the 

residuum has been further ‘pushed-into the socket. During the rest of the GC, the axial length 

recovers to its original length seen at 0% of GC. During a complete cycle, a maximum peak to 

peak value of 35mm was obtained over a period of two years (10 sessions). 

 

Figure 5.21: Axial length in transverse plane, over a GC across 27 months 

The dynamic axial length (Figure 5.21) profile loosely resembles the shape of vertical 

component of GRF. As gait initiated, the axial length shortened as the participant’s centre of 

mass dropped rapidly, reflecting on the increase of vertical component of GRF from 0N to 

approximately 850N. This created a greater force between KPC and HJC, acting to shorten the 

axial length. The restoration of the axial length between 20%-30% of GC may be associated 

with the decrease of vertical GRF. During TS phase (30-50% of GC), the axial length shortens 
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further as vertical GRF further increase to aid the heel rise and limb propulsion. It started to 

recover in late stance phase as the vertical component of GRF diminished rapidly, preparing for 

swing phase. In swing phase, the angular acceleration of the prosthetic, acts to pull it away 

from the residuum, resulting in an increased axial length of the VRS. 

Table 5.1: Mean (SD) of peak to peak values of angular motion and axial length from 10 data collection sessions, 
over a span of 27 months. 

Session No. Angular Motion (°) Axial Length (mm) 

 Sagittal Plane Coronal Plane Transverse Plane  

1 (n=8) 11.5 ± 0.6 2.7 ± 0.6 0.7 ± 0.2 22 ± 1.0 

2 (n=9) 10.4 ± 0.4 3.1 ± 0.5 1.4 ± 0.4 32 ± 1.2 

3 (n=9) 10.9 ± 0.5 3.9 ± 0.5 1.5 ± 0.4 27 ± 1.1 

4 (n=7) 11.8 ± 0.6 3.5 ± 0.5 0.5 ± 0.4 35 ± 1.1 

5 (n=6) 10.5 ± 0.2 3.7 ± 0.6 1.1 ± 0.5 17 ± 0.5 

6 (n=14) 9.6 ± 0.5 4.0 ± 0.6 1.2 ± 0.2 18 ± 0.8 

7 (n=12) 10.3 ± 0.3 5.5 ± 0.4 1.5 ± 0.3 24 ± 0.8 

8 (n=10) 8.8 ± 0.4 3.7 ± 0.4 2.0 ± 0.2 29 ± 0.5 

9 (n=13) 11.3 ± 0.4 3.7 ± 0.5 1.3 ± 0.4 14 ± 0.4 

10 (n=12) 9.3 ± 0.5 3.4 ± 0.8 1.2 ± 0.4 25 ± 0.6 

Intra-session repeatability 

Table 5.1 shows the mean and SD of peak to peak values of angular and axial length, over a GC, 

obtained from 10 data collection sessions. Up to 0.6°, 0.6° and 0.5° of intra-session SD were 

obtained for angular motion in sagittal, coronal and transverse plane, respectively. While up to 

1.2mm of intra-session, SD was obtained for axial length. Up to 0.75° and 1.08mm of intra-

session SD was obtained on the angular motion and axial length, respectively, by Childress and 

Siebert [169]. Therefore, the absolute SD value is comparable to the only study using 3D motion 

capture system.  

Table 5.2: Intra-session CMC for residuum motion obtained on level surface. 

Session No. 

R2
Intra 

Angular motion 
Axial Length 

Sagittal plane Coronal plane Transverse plane 

1 0.998 0.986 0.786 0.994 

2 0.988 0.980 0.771 0.996 

3 0.995 0.985 0.745 0.994 

4 0.991 0.980 0.793 0.992 
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Session No. 

R2
Intra 

Angular motion 
Axial Length 

Sagittal plane Coronal plane Transverse plane 

5 0.991 0.982 0.766 0.993 

6 0.988 0.988 0.765 0.994 

7 0.993 0.981 0.764 0.994 

8 0.994 0.983 0762 0.994 

9 0.992 0.982 0.759 0.996 

10 0.989 0.980 0.756 0.994 

With regards to the inter-session repeatability, Table 5.2 illustrates the R2
Intra values, obtained 

in each of the test session. R2
Intra value of at least 0.988, 0.980 and 0.859 were obtained for 

angular motion in sagittal, coronal and transverse plane, respectively. R2
Intra value of at least 

0.996 was obtained for axial length. Kutner et al. [244] suggested that the for the CMC value 

greater than 0.9, strong association can be found in the waveform. For the CMC value greater 

than 0.5 and less than 0.9, the correlation between each of the waveform can be defined as 

moderate. Therefore, strong correlation is found in the angular motion in sagittal and coronal 

plane. The appropriate intra-session repeatability observed for the angular motion in the 

sagittal plane may be attributed to a higher level of control. This was likely exercised by the 

remaining muscle in the residuum and at the hip, since the direction of progression is along the 

sagittal plane. 

A reduction in CMC values were found in transverse plane, however, they were still above 0.5 

threshold. In addition, strong correlation was also revealed in axial length in each of the session. 

Further comparison was made on the R2
Intra obtained in this study and joint kinematics obtained 

in previous work. The highest R2
Intra (up to 0.995) was reported in hip flexion-extension angle, 

which is comparable to 0.998 obtained for the angular motion in sagittal plane. The lowest 

R2
Intra (up to 0.845) was reported in hip transverse rotation in previously work [242] and this 

matches well with the lowest value obtained for angular motion in transverse plane, obtained 

in this study. It is then evident that the repeatability of the 3D motion obtained at 

residuum/socket interface was comparable to those obtained for joint kinematics [242].  

Inter-session repeatability 

Up to 10.4°±0.9°, 3.7°±0.7° and 1.2°±0.4° of inter-session mean and SD were obtained across 

all data collection sessions for angular motion (Figure 5.22) in sagittal, coronal and transverse 

plane, respectively. While an inter-session mean (±1SD) of 24mm±6mm were obtained for axial 
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length across 10 data collection sessions. It is worth noting that some of the inter-session SD is 

higher than the intra-session SD. This is particular evident in sagittal and coronal plane of 

angular motion, as well as axial length. This is likely due to the variation in socket fitting induced 

from the change in stump volume. 

 

Figure 5.22: Peak to peak value of residuum/socket interface angular motion and axial length. 

Approximately 0.991 of inter-session CMC value (Table 5.3) was obtained in sagittal plane, 

which is comparable with the intra-session CMC value. It should be noted that the intra-session 

repeatability was not affected by the error in marker placement. With same level of 

repeatability achieved in the inter-session results, this demonstrates the inconsistency in 

marker placement, across different session, was minimal. In addition, the angular motion value 

obtained in sagittal plane is robust by using the technique proposed.  

Table 5.3: Inter-session CMC for 3D motion at residuum/socket interface obtained on level surface. 

*Angular motion in coronal plane results from session 3, 4 and 6 were removed. 

** Axial length results from session 5, 6 and 9 were removed 

Total No. 

Session 

R2
Inter 

Angular motion 
Axial Length 

Sagittal plane Coronal plane Transverse plane 

10 0.991 0.753 0.481 0.755 

7* 0.991 0.976 0.475 0.765 

7** 0.992 0.797 0.469 0.924 

A reduction in inter-session CMC value was obtained for the angular motion in coronal and 

transverse plane (first row of Table 5.3), compared with the intra-session CMC. In order to 

investigate the possible cause of this. Two more analysis of inter-session repeatability were 
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performed (2nd and 3rd row of Table 5.3). Results obtained in Session 3, 4 and 6 were removed 

and inter-session CMC was re-calculated. This was to investigate the reason causing the 

reduction in CMC for angular motion in coronal plane. The CMC value increased to 0.976 

(highlighted with Bold in Table 5.3) with the removal of results from the three sessions. Similarly, 

the inter-session CMC value for axial length has increased from 0.755 to 0.924 with the removal 

of three sessions’ results. Mathematically, it can be explained by the existence of two distinctive 

waveforms in both angular motion in coronal plane and axial length, as detailed in the results 

section (Figure 5.19a and Figure 5.21a). Inter-session CMC values of up to 0.987, 0.871 were 

obtained for hip joint angle in sagittal and coronal plane [242]. This is comparable to the value 

obtained in the current study.  

Inter-session CMC value less than 0.5 was obtained in transverse plane, suggesting the poor 

waveform repeatability when comparing the results across different sessions. Similar findings 

were obtained in hip joint angle in transverse plane [242], as mentioned in the previous study 

(CMC value of 0.529). The low CMC value in transverse plane could be potentially explain by its 

lower value and lack of consistent pattern of the waveform. In addition, for the Codamtoion 

motion analysis system, the Y co-ordinate (or the medial-lateral component) was calculated 

based on triangulation which would potentially be subjected to error due to lighting etc. in the 

gait laboratory (Section 3.1.1). So far, the appropriate intra- and inter-session repeatability has 

been demonstrated on the overall waveform. 

Analysing the change in residuum motion over time 

Table 5.4 illustrates the mean and SD value of the 3D motion obtained in 2015 and 2016. It is 

worth noting that no significant difference was found when comparing both angular and axial 

motion obtained between the two years. It should be noted that the participant was using the 

same prosthetic limb during all tests. Prior to any test, a senior prosthetist verified the 

alignment of the prosthetic limb and each test conducted on approximately similar time of the 

day. The similar test condition mentioned above could potentially attributed to the similar 

results obtained between 2015 and 2016.  

Table 5.4: Mean and SD of the 3D motion obtained in 2015 and 2016. 

Year Angular motion 
Axial Length 

 Sagittal plane Coronal plane Transverse plane 

2015 11.0±0.6 3.4±0.5 1.0±0.4 26.6±7.3 

2016 9.9±0.9 4.1±0.8 1.4±0.3 22.0±6.0 
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Year Angular motion 
Axial Length 

 Sagittal plane Coronal plane Transverse plane 

p value 0.0526 0.1357 0.1114 0.3081 

It is worth noting that the knee disarticulation participant has gained 10kg of weight from early 

2015 to late 2016. However, this has been reflected on the neither angular motion, nor axial 

length results. Further to this, the limb volume fluctuation during the course of a may also 

contributed to the change in the 3D motion at the socket interface. 

5.4.3 Walking with different speeds 

As mentioned Section 2.5.3, the optimal performance of the prosthetic device, in terms of joint 

loading, is walking speed dependent. If excessive relative motion exist between the residuum 

and socket, extra energy expenditure may be spent as a result of this motion. Therefore, the 

in-depth understanding of the residuum motion, at different walking speed, is critical. The 

section presents the results obtained by performing protocol A6 (Section 5.3.1). 

Walking speed 

To sessions were carried out to investigate the effect of walking speed on the residuum/socket 

interface kinematics. Figure 5.23 shows the walking speed obtained in the two sessions. 

Walking speed of up to 1.16±0.02m/s, 1.38±0.01m/s and 1.62±0.02m/s were obtained when 

walking cadence is controlled at 80BPM, 100BPM and 120BPM, respectively. It is also worth 

noting that when comparing each of the two walking speed, the differences obtained in each 

of the two walking speed are statistically significant (all p=0.00). 

 

Figure 5.23: Mean and one SD of the three different walking speeds observed in Session 1 and Session 2. 

Interface angular motion 
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It is worth noting that the generic trend, the increase of angular motion during stance and the 

restoration in swing phase, was observed in Figure 5.24a and Figure 5.25a matches with the 

test results presented in Figure 5.18a. 

It is evident that, in early stance phase to mid-stance phase of the GC (approximately 10-30% 

of GC), a reduction of angular motion was observed as walking speed increases in both test 

sessions, as shown in Table 5.5. In the meantime, peak braking forces (Figure 5.24b) of up to -

115N±8N, -105±12N, -121±19N in session 1 and 123N±5N, 134N±7N, 126N±23N in session 2, 

were obtained for slow, self-selected and fast walking speed, respectively. These findings imply 

that an increase in walking speed did not affect the peak braking force in early stance phase. 

Therefore, no direct association was found between peak braking force measured at the 

ground interface and residuum socket interface angular motion during 10-30% of GC. It is likely 

that, when walking at either slow or unnatural speeds, more effort may be needed to control 

stability during early stance to achieve foot flat. 

 

Figure 5.24: (a) Residuum/socket interface angular motion in sagittal plane, over a GC and (b) anterior-posterior 
component of GRF, over a GC, obtained when walking at slow, self-selected and fast walking speed in session 1. 

 

Figure 5.25: (a) Residuum/socket interface angular motion in sagittal plane, over a GC and (b) anterior-posterior 
component of GRF, over a GC, obtained when walking at slow, self-selected and fast walking speed in session 2. 
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As gait progress to late stance phase, a peak to peak value was reached at approximately 55% 

of GC and the increase in walking speed led to the increase of this peak to peak value in both 

sessions, shown in Table 5.5. In the meantime, up to 114N±9N, 133N±7N, 150N±13N (Session 

1) and 114±5N, 122±5N, 144±9N (Session 2) of peak propulsion force was obtained at ground 

interface when walking at slow, self-selected and fast walking speed. This suggests that the 

increase in walking speed led to the increase in peak propulsion force in late stance phase. 

Therefore, association may exist between the peak force obtained at ground interface and peak 

residuum/socket interface angular motion. This is likely due to the extra hip muscle activation 

to propel the limb forward to initiate the swing phase. 

Table 5.5: Residuum socket angular motion obtained during 10-30% of GC and peak to peak value obtained over a 
GC. 

Session 

No. 
10-30% of GC (°) Peak to peak value (°) 

 Slow Self-selected Fast Slow Self-selected Fast 

1 3.3 ± 0.2 (n=8) 2.7 ± 0.3 (n=7) 2.2 ± 0.2 (n=8) 9.4 ± 0.3 9.6 ± 0.4 11.8 ± 0.2 

2 3.6 ± 0.3 (n=8) 3.3 ± 0.3 (n=8) 2.7 ± 0.2 (n=8) 9.5 ± 0.2 10.3 ± 0.2 10.4 ± 0.3 

The angular motion in coronal plane (Figure 5.26a and Figure 5.27a) decreased from 0-20% of 

GC, while between 20-45% of GC there were two distinct responses, namely, one in which the 

angular motion remained constant while the other continue to decrease. It is evident that the 

temporal profile observed in coronal plane matches well with that shown in Figure 5.19. 

 

Figure 5.26: (a) Residuum/socket interface angular motion in coronal plane, over a GC and (b) medial-lateral 
component of GRF, over a GC, obtained when walking at slow, self-selected and fast walking speed in session 1. 



Chapter 5 3D motion of the lower limb residuum 

 

175 | P a g e  
 

 

Figure 5.27: (a) Residuum/socket interface angular motion in coronal plane, over a GC and (b) medial-lateral 
component of GRF, over a GC, obtained when walking at slow, self-selected and fast walking speed in session 2. 

In data collection session 1, as shown in Table 5.6, the increase in walking speed resulted in an 

increase in the peak to peak value of angular motion in coronal plane. However, in data 

collection session 2, there was little difference in the angular motion in coronal plane when 

walking at slow and self-selected speeds. In addition, when walking at the fast speed, a 

decrease in angular motion was observed. Therefore, in this case, it is not clear whether the 

increase or decrease in walking speed would affect the angular motion in the coronal plane. 

More investigations are needed as the Session 1 results do not fully align with those in Session 

2.  

Regarding to the forces experienced at ground interface, as shown in Table 5.6, the increase in 

walking speed has led to the decrease of peak medial-lateral GRF and increase in angular 

motion in coronal plane, in session 1. No association was identified between the walking speed 

and peak medial GRF in session 2. It is worth noting that, neither walking speed, nor ground 

reaction force magnitude has a marked effect on the peak to peak angular motion in coronal 

plane.  

In session 1, the increase in walking speed has led to the increase in angular motion in coronal 

plane. This is like due to the design of the knee disarticulation socket. The supra-condylar socket 

was designed to suspend the residuum at both medial and lateral femoral epicondyle and distal 

region of the residuum, such that the distal end acts like a pivot point for the femur. In addition, 

in the proximal region, there was no design features, such as the higher or lower socket brim, 

built on the socket. Therefore, the femoral movement at proximal region is not restricted. 

Based on these factors, the control of the residuum, in the medial-lateral plane, sometimes 

relies on voluntary control. It is also worth noting that the increase in walking speed did not 

lead to the increase in angular motion in coronal plane, this is likely due to the change in socket 

fit, limb height and change in gait. 
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Table 5.6: Residuum socket angular motion obtained during 10-30% of GC and peak to peak value obtained over a 
GC. 

Session 

No. 
Peak to peak value of angular motion (°) Peak medial GRF (N) 

 Slow Self-selected Fast Slow Self-selected Fast 

1  2.9 ± 0.5 (n=8) 3.0 ± 0.4 (n=7)  5.7 ± 0.3 (n=8) 51 ± 8 46 ± 10  45 ± 9 

2 4.5 ± 0.4 (n=8) 4.6 ± 0.4 (n=8) 3.4 ± 0.4 (n=8) 48 ± 12 41 ± 6 55 ± 8 

In general, the increase in walking speed has resulted in the increase in angular motion in both 

sagittal and coronal plane with the exception of session 2 in coronal plane. It is known that 

socket was fitted and fabricated based on statically capturing the residuum shape and volume. 

During the socket fitting process, the muscle activation pattern, compared with the activation 

pattern during dynamic walking is different. When walking at increased speed, increased 

muscle activation together with the increased joint range of motion could results in the 

increase angular engagement of the residuum with the socket. To author’s best knowledge, 

this is the first study investigating the residuum motion relative to socket under different 

walking speed condition. In addition, it is envisaged that such socket performance under varied 

walking speed could be used to aid the development of adaptive socket system, stabilising the 

residuum inside the socket.  

Axial length 

It is worth noting that zero axial length was defined using the absolute axial length (distance 

between the hip joint centre and prosthetic knee pivot centre) obtained at IC (Figure 5.28a and 

Figure 5.29a). This eliminates the effect of data baseline variation caused by the variability in 

socket alignment [73]. Using values at IC for normalisation is also consistent with gait analysis 

kinematics reporting convention [51] and could also provide natural separation of the loads 

experienced by the residuum during the stance and the swing phase. Despite these advantages, 

the state of the residuum in axial direction relative to socket was not informative (whether it is 

in compressive state or a tensile state). Therefore, in each of these figures, dot-dash lines are 

plotted together with the dynamic data to indicate the axial length measured during standing, 

in relation to the values measured at IC. Researchers and prosthetist could then use the value 

obtained at standing (a known weight bearing state) to evaluate the axial length during dynamic 

walking. 
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Figure 5.28: Residuum/socket interface axial length, over a GC and (b) vertical component of GRF, over a GC, 
obtained when walking at slow, self-selected and fast walking speed in session 1. 

 

Figure 5.29: Residuum/socket interface axial length, over a GC and (b) vertical component of GRF, over a GC, 
obtained when walking at slow, self-selected and fast walking speed in session 2. 

There was a general decrease in axial length during most of the stance phase until 

approximately 45-50% of GC where it was returned. However, in the two sessions, a divergence 

in response during swing phase. In the first session, as shown in Figure 5.28, when walking at 

slow and self-selected walking speeds, the axial length was stabilised whereas it decreased 

when walking at the fast speed. In the second session, as shown in Figure 5.29a, the axial length 

continued to decrease during the swing phase. Table 5.7 shows the peak to peak axial length 

and vertical component of GRF when walking at slow, self-selected and fast walking speed. 

Regardless of walking speed, higher axial length was obtained in Session 2 compared with the 

value obtained in Session 1, in all walking speed (p=0.00). This is likely due to the change in 

socket fitting over the period between Session 1 and Session 2. 
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Table 5.7: Residuum socket axial length obtained and peak vertical component of GRF, obtained over a GC. 

Session 

No. 
Peak to peak value of axial length (mm) Peak vertical GRF 

 Slow Self-selected Fast Slow Self-selected Fast 

1  17 ± 1 (N=8) 18 ± 1 (N=7) 19 ± 1 (n=8) 866 ± 27 877 ± 34 909 ± 35 

2 24 ± 1 (n=8) 25 ± 1 (n=8) 26 ± 1 (n=8) 881 ± 12 934 ± 10 944 ± 40 

 

It is also worth noting that the increase in walking speed resulted in an increase in axial length, 

as well as the peak vertical component of GRF (Table 5.7). As the vertical component of GRF 

increased, there was a transfer from ground interface to socket interface, resulting in more 

compressive force would be exerted by the socket to the residuum. This in turn, ‘pushed’ the 

residuum more into the socket. In addition, the increase in axial length when walking speed 

could also be reflected on the knee joint angular and hip joint angular in sagittal plane. As 

shown in Figure 4.8, the increase in walking speed has led to the increase in knee flexion angle 

(pre-swing phase), whereas little change in hip joint angle was observed (Figure 4.9). The 

increased knee joint kinematics could potentially result in the tensile load exerted on the socket 

interface. Indeed, an increased axial couple was observed during swing phase. 

During mid-stance phase of GC (approximately 30% of GC), axial length values of up to -7mm, 

-6mm and 1mm were obtained in Session 1, with corresponding Session 2 values of up to -

19mm, -17mm, and -14mm were obtained in Session 2, when walking at slow, self-selected 

and fast walking speed, respectively. Therefore, the increase in walking speed resulted in a 

decrease in axial length at mid-stance phase. This can be explained by examining, the 

corresponding vertical component of GRF with values of up to 631N, 547N and 492N in Session 

1, and 625N, 535N and 482N in Session 2. Therefore, the increase in walking speed led to the 

decrease in vertical component of GRF in mid-stance, suggesting reduced vertical force is 

transferred to the residuum/socket interface. This in turn, could have potentially contributed 

to the decrease in axial length, during mid-stance. 

At approximately 60% (Session 1) and 92% (Session 2) of GC, axial length was higher than the 

value obtained during standing. This corresponds to the lengthening of the residuum compared 

with the state experienced at standing. For Session 1 particularly, the lengthening of the 

residuum could results in the reduction of toe clearance with the ground, thereby increase the 

risk of trip. By monitoring the axial length towards the end of the stance phase, it is envisaged 

that, control strategy could be applied to actively adapt the movement of the socket such that 
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there is enough clearance between the prosthetic foot and the ground. Therefore, limb safety 

could be improved when walking at different speed. 

5.4.4 Walking on different terrains 

As mentioned in Section 4.4, walking on different terrains have led to the change in knee joint 

moment in mid-stance phase, hip joint moment and power change in the early stance phase. 

These could potentially affect the socket interface kinematics as the knee joint and the hip joint 

forms the distal and proximal end of the socket interface, respectively. The section presents 

the results obtained by performing protocol A6 (Section 5.3.1). 

As a general trend exhibited on all terrains, relative to the value observed at IC, the angular 

motion gradually increase to peak values of approximately 9°, followed by the decrease in swing 

phase, which was subsequently restored back to 0° for the next IC (Figure 5.30a - Figure 5.32a).  

 

Figure 5.30: (a) Residuum/socket interface angular motion in sagittal plane, over a GC and (b) anterior-posterior 
component of GRF, over a GC, obtained when walking on level, descending and ascending surfaces, in session 1. 

 

Figure 5.31: (a) Residuum/socket interface angular motion in sagittal plane, over a GC and (b) anterior-posterior 
component of GRF, over a GC, obtained when walking on level, descending and ascending surfaces, in session 2. 
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Figure 5.32: (a) Residuum/socket interface angular motion in sagittal plane, over a GC and (b) anterior-posterior 
component of GRF, over a GC, obtained when walking on level, descending and ascending surfaces, in session 3. 

Two critical phases during GC, namely, early stance and TS phase, were chosen to explain the 

biomechanics at the residuum/socket interface in sagittal plane. Table 5.8 illustrates the 

amount of angular motion sagittal plane, during both critical phases, across the three test 

sessions. During early stance phase, in comparison to values obtained during level walking, 

there was an increase of approximately 1° of angular motion (p=0.00) and a decrease of up to 

2° while walking on the descending ramp and the ascending ramp (p=0.00), respectively. After 

mid-stance phase, there was a decrease of angular motion (up to 1°) when walking on the 

descending ramp with corresponding increase of angular motion (up to 4°) on the ascending 

ramp. 

Table 5.8: Amount of angular motion in sagittal plane, obtained in early stance and TS phase of the GC. 

Session No. Angular Motion (°) 

Early stance 

Angular Motion (°) 

TS 

 Level Descent Ascent Level Descent Ascent 

1 3 ± 0.3 4 ± 0.3 1 ± 0.2 5 ± 0.1 4 ± 0.2 7 ± 0.2 

2 3 ± 0.3 4 ± 0.3 0 ± 0.3 6 ± 0.2 5 ± 0.2 9 ± 0.3 

3 3 ± 0.2 4 ± 0.3 2 ± 0.3 5 ± 0.2 4 ± 0.2 7 ± 0.3 

As a general trend observed on all terrains, the anterior-posterior GRF (Figure 5.30b - Figure 

5.32b) decreased from values close to zero at IC to a peak negative value during early stance 

phase, suggesting a braking force was exerted from the ground interface to the foot. In mid-

stance phase to TS phase, there is an increase in anterior-posterior GRF and a peak was reached 

in TS phase, suggesting that a propulsive force was exerted by the ground to the foot.  
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The peak braking and propulsive obtained when walking on level, descending and ascending 

surfaces, across three sessions are illustrated in Table 5.9. When walking on level surface, no 

statistical difference as found in peak braking and propulsive force (p>0.05). This suggests that, 

with controlled walking cadence, the peak anterior-posterior GRF was consistent over three 

test sessions. When walking on the descending ramp, statistical difference were found in both 

peak braking and propulsive force in test Session 1 & 2 (p=0.00) and Session 1 & 3 (p=0.00). 

When walking on the ascending ramp, statistical difference was found in peak braking force 

between each of the two sessions (p=0.00), however, no statistical difference was found in 

peak propulsive force (p>0.05). The differences in peak anterior-posterior GRF found, when 

walking on non-level surface, could be potentially explained by the change in socket fit due to 

volume fluctuation. 

When compare to level walking, in early stance phase, there was an observed increase in peak 

braking force (up to 38N) was observed on the descending ramp (p=0.00), with a corresponding 

decrease in peak propulsive force (up to 59N) on the ascending ramp (p=0.00). The former 

finding could potentially contribute to the increased amount of angular motion in the sagittal 

plane (up to 1°), due to the extra effort needed at the residuum/socket interface to achieve 

foot-flat, achieving limb stability. The decrease in the braking force, when walking on the 

ascending ramp could then be associated with the decreased angular motion (up to 2°), as less 

effort is needed during the early stance phase. 

Table 5.9: Peak braking and propulsion force obtained when walking on level, descending and ascending surfaces, 
across three sessions. 

Session No. Peak braking force (N) 

Early stance 

Peak propulsion force (N) 

TS 

 Level Descent Ascent Level Descent Ascent 

1 -105 ± 6 -126 ± 8 -78 ± 13 +117 ± 7 +58 ± 9 +161 ± 10 

2 -115 ± 20 -145 ± 26 -66 ± 11 +115 ± 7 +77 ± 8 +169 ± 9 

3 -102 ± 9 -140 ± 5 -46 ± 8 +110 ± 6 +81 ± 6 +169 ± 8 

In addition to the observation on the GRF, an increased (p=0.01) concentric knee joint power 

(0.13W/kg(m/s)) was observed when walking on the descending ramp, compared with the 

value obtained on the ascending ramp (0.03W/kg(m/s)) (Figure 4.15c). Similar finding was 

obtained on the hip joint power (Figure 4.17c), in early stance phase, as a greater (p=0.00) 

concentric hip joint power was observed when walking on descending ramp, compared with 

the value obtained on the ascending ramp. This further confirms that at the knee and hip joint, 
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more work is done in early stance phase to stabilise the limb when walking on the descending 

ramp, comparing work need when walking on ascending ramp. Both could potentially lead to 

the increase in angular motion in when walking on descending ramp in early stance phase.  

In TS phase, in comparison to the values obtained during level walking, a decrease (p=0.00) in 

peak braking force (up to 94N) and a corresponding increase (p=0.00) in propulsive force (up 

to 103N) when walking on ascending ramps, respectively. The former could potentially 

contribute the reduction in the angular motion (up to 1°), as less effort is need in propel the 

limb for the initiation of the swing phase. By contrast, the increase in the peak propulsive force 

could potentially results in the increase amount of angular motion in the sagittal plane, as extra 

effort is needed to propel the limb forward when walking up the ramp, initiating the swing 

phase. 

With respect to the results obtained in gait analysis, in the transition between the braking and 

propulsive phase (at approximately 30% of GC), higher (p=0.00) knee joint power was observed 

when walking on the ascending ramp, compared with the value obtained on the descending 

ramp. Same findings was observed in hip joint power, as a greater hip joint power was observed 

at approximately 30% of GC when walking on ascending ramp, compared with the value 

obtained when walking on the descending ramp. Both findings in joint powers confirmed that 

more work was done at both knee and hip joint level, which could lead to the increased angular 

motion in sagittal plane when walking on ascending ramp after mid-stance phase.  

At IC, as a general trend, the angular motion in coronal plane (Figure 5.33a - Figure 5.35a) 

gradually decreased and reached a negative peak value at approximately 20-50% of GC, 

suggesting the residuum had engaged with the medial region of the socket. It was then restored 

over the remainder of the GC and reached values seen at IC. The medial-lateral component of 

GRF (Figure 5.33b - Figure 5.35b) increased from IC to a peak positive value at approximately 

20% of GC and maintained during 20-45% of GC. It then deceased and reached zero at TO. It is 

evident that positive forces were observed during most of the stance phase, suggesting a 

medial – directed forced was exerted from the ground interface to the residuum/socket 

interface, pushing the socket to rotate towards the medial region of the residuum.  
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Figure 5.33: (a) Residuum/socket interface angular motion in coronal plane, over a GC and (b) medial-lateral 
component of GRF, over a GC, obtained when walking on level, descending and ascending surfaces, in session 1. 

 

Figure 5.34: (a) Residuum/socket interface angular motion in coronal plane, over a GC and (b) medial-lateral 
component of GRF, over a GC, obtained when walking on level, descending and ascending surfaces, in session 2. 

 

Figure 5.35: (a) Residuum/socket interface angular motion in coronal plane, over a GC and (b) medial-lateral 
component of GRF, over a GC, obtained when walking on level, descending and ascending surfaces, in session 3. 
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Table 5.10: Peak to peak value of angular motion in coronal plane and medial-lateral component of GRF, obtained 
when walking on level, descending and ascending surfaces, across three sessions 

Session No. Angular Motion (°) Peak vertical GRF (N) 

 Level Descent Ascent Level Descent Ascent 

1 4 ± 0.3 4 ± 0.2 3 ± 0.3 43 ± 7 42 ± 8 37 ± 11 

2 3 ± 0.3 4 ± 0.2 4 ± 0.2 47 ± 7 47 ± 8 46 ± 11 

3 3 ± 0.3 4 ± 0.1 2 ± 0.2 50 ± 8 43 ± 5 48 ± 9 

In general, up to 4° of angular motion was observed in the coronal plane when walking on level, 

ascending and descending surfaces (Table 5.10). It is worth noting that, no significant difference 

(p>0.05) in angular motion was found between each of the two sessions when walking on the 

descending ramp. When walking level surface, higher peak to peak angular motion was found 

in session 1, comparing to the value obtained in Session 2 (p=0.00) and Session 3 (p=0.00). In 

addition, no difference was found in angular motion between Session 2 and Session 3 (p>0.05). 

When walking on the ascending ramp, difference was found in angular motion between each 

of the two sessions (p<0.05). Therefore, it can be summarised that, more inter-session variation 

was observed when walking on the ascending ramp, than the variation observed on the 

descending ramp. 

It is also worth noting that, in two out of three test sessions (Session 1 and Session 3), a greater 

(p=0.00) angular motion in coronal plane was observed when walking on descending ramp, 

compared with the value obtained on the ascending ramp. In test Session 2, no significant 

difference (p>0.05) was observed in angular motion in coronal plane when walking on the 

descending and ascending ramp.  

When comparing the medial-lateral GRF in Session 1, a greater (p=0.00) peak medial-lateral 

GRF was evident when walking on the descending ramp, compared with that on the ascending 

ramp. In addition, no difference was found in the peak medial-lateral GRF in Session 2, when 

comparing the value obtained on the ascending and descending ramp. Both findings match 

with the peak to peak value observed in angular motion, namely, higher peak to peak angular 

motion was observed when walking on descending ramp, compared to the value obtained on 

ascending ramp in Session 1; no difference found in the angular motion when walking on 

ascending and descending ramp in Session 2. 

With respect to the temporal profile observed between 40% and 60% of GC, two distinctive 

wave pattern was observed between test Session 1 and Session 2 & 3. In Session 1, the angular 
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motion increases and passed beyond the zero point to a positive region on the graph. In both 

test Session 2 and 3, the angular motion also increases, however to a value just below the zero 

reference point. This is likely due to the effect of donning of the socket and volume fluctuation 

of the residuum, which both could in turn influence the capability of the femoral rotation of 

coronal plane relative to the socket. Furthermore, in Session 3, two peaks (at 24% and 44% of 

GC on level surface and at 20% and 44% of GC on descending surface) in the angular motion 

profile were evident in Figure 5.35a. Correspondingly, two peaks in the temporal profile of the 

medial-lateral GRF was also evident when walking on level and descending ramp. A plateau 

region was observed between 20% and 46% of GC when walking on the ascending ramp. 

Correspondingly, the angular motion temporal profile remained unchanged between 24% and 

46% of GC. These findings suggest that the motion of residuum relative to socket in coronal 

plane could be associated with the forces experienced at ground interface. 

Axial length 

As a general trend for each terrain, the axial length (Figure 5.36a - Figure 5.32a) decreased 

during the first 20% of GC and subsequently recovered as gait progresses to mid-stance phase. 

It was followed by a further decrease of the axial length during 30-55% of GC. During the 

remainder of the GC, it restored to its original value seen at IC at 100% of GC. The vertical 

component of GRF obtained when walking on each of the three terrains is presented in Figure 

5.36b - Figure 5.32b, across the three test sessions. 

 

Figure 5.36: (a) Residuum/socket interface axial length, over a GC and (b) vertical component of GRF, over a GC, 
obtained when walking on level, descending and ascending surfaces, in session 1. 
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Figure 5.37: (a) Residuum/socket interface axial length, over a GC and (b) vertical component of GRF, over a GC, 
obtained when walking on level, descending and ascending surfaces, in session 2. 

 

Figure 5.38: (a) Residuum/socket interface axial length, over a GC and (b) vertical component of GRF, over a GC, 
obtained when walking on level, descending and ascending surfaces, in session 3. 

When evaluating the inter-session repeatability from Table 5.11, no significant difference 

(p>0.00) was found in axial length between test Session 1 and Session 2 on level surface, also 

test Session 1 and Session 3 on ascending surface. Apart from the two above-mentioned 

scenario, significant differences (all p=0.00) were found in each of the two session, on different 

terrains. With respect of the effect of terrain on the axial length, a greater (p=0.00) axial length 

was observed when walking on the descending ramp, compared with the value obtained on 

the ascending ramp, in all sessions. 
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Table 5.11: Peak to peak value of axial length and peak value of vertical component of GRF, obtained when walking 
on level, descending and ascending surfaces. 

Session No. Axial Length (mm) Peak vertical GRF (N) 

 Level Descent Ascent Level Descent Ascent 

1 28 ± 1 32 ± 1 15 ± 0 841 ± 20 824 ± 34 824 ± 28 

2 28 ± 1 28 ± 1 12 ± 0 840 ± 40 837 ± 29 815 ± 18 

3 25 ± 2 30 ± 0 15 ± 1 841 ± 20 856 ± 23 828 ± 19 

As previously mentioned, the decrease of axial length in most of the stance phase could be 

associated with the compressive force exerted from the ground interface to the residuum 

socket interface. With respect to peak to peak values, comparing the value obtained when 

walking on level surface, an increase in axial length values up to 5mm were observed when 

walking on the descending ramp, with corresponding decrease of up to 18mm on the ascending 

ramp. It is also clear in Table 5.11, in comparison to the peak vertical component of GRF 

obtained during level walking, reductions of the vertical component of GRF were observed in 

session 1 and 2 when walking on both descending and ascending surfaces. This suggests that 

the magnitude of the axial length was not directly associated with the peak value of GRF. 

With respect to the effect of terrain on joint kinetics observed on the descending surface 

(Figure 4.17), a greater hip eccentric power and concentric was observed at approximately 50% 

and 58% of GC, respectively, compared with values obtained on ascending surface. This 

suggests that a greater work was produced at hip joint level to propel the limb forward and 

initiate the swing. This may explain the greater axial movement of the residuum when walking 

on descending ramp during TS phase, compared with the movement on ascending ramp. In 

addition, other factors should be considered such as anterior-posterior component of GRF, 

interface friction properties and variation in muscle activation when walking on different 

terrains etc. 

5.4.5 Walking with different prosthetic ankle settings – hydraulic resistance 

Study has shown the link between the increased socket comfort and the adaptation of 

prosthetic ankle on ramped surface (Section 2.5.3). The in-depth understanding of the 

mechanism behind this relationship would benefit from the study of interface biomechanics. 

The section presents the results obtained by performing protocol A7 (Section 5.3.1). 

Walking on a descending ramp 
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It is evident that the temporal profile of the angular motion in sagittal plane (Figure 5.39 and 

Figure 5.40) aligns with the profile obtained in previous walking sessions (Section 5.4.4). 

 

Figure 5.39: (a) Residuum/socket interface angular motion in sagittal plane and (b) anterior-posterior component 
of GRF, over a GC, obtained when walking on the descending ramp in session 1. Elan foot was set to normal and 

braking mode. 

 

Figure 5.40: (a) Residuum/socket interface angular motion in sagittal plane and (b) anterior-posterior component 
of GRF, over a GC, obtained when walking on the descending ramp in session 2. Elan foot was set to normal and 

braking mode. 

It is worth noting that, no significant difference (p>0.05) was found in angular motion obtained 

in the two test sessions (Table 5.12). It is therefore evident that both temporal profile and peak 

to peak value of angular motion was consistent over the two test sessions. However, higher 

(p=0.00) angular motion was obtained, regardless of the foot setting, in test Session 2 

compared with the values obtained in test Session 1. This suggested that a greater variability 

was evident when walking on a descending ramp, over the two test sessions. 

It is evident that, in both sessions, a greater angular motion in sagittal plane was evident 

(p<0.05) when braking setting was activated, comparing to the value obtained when the brake 

setting was de-activated. It is worth noting that the difference mentioned here is low (up to 

0.5°), therefore it should be treated cautiously when try to interpret it clinically. When 
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comparing the peak braking force achieved in early stance phase, a higher value was obtained 

when brake was de-activated in session 1 compared with the value obtained when the brake 

was de-activated. A greater residuum motion relative to socket, with braking setting, may 

suggest the increased involvement of prosthetic limb, comparing to the value obtained with 

normal setting. This could potentially lead to the increase of loading symmetry. Using this 

teaches, the prosthetic component can be assessed based on the biomechanics at the socket 

interface. 

Table 5.12: Peak to peak value of angular motion and peak value of braking force, obtained when walking on level 
surface, descending surface with brake setting de-activated and activated. 

Session No. Angular motion (°)  Peak braking force (N) 

 Level Descent Descent--Brake Level Descent Descent--Brake 

1 2.9 ± 0.2 3.6 ± 0.2 3.9 ± 0.2 -118 ± 7 -145± 9 -140 ± 10 

2 3.0 ± 0.1 4.3 ± 0.1 4.8 ± 0.2 -101 ± 7 -135 ± 8 -153 ± 9 

It is evident that the temporal profile of the angular motion in coronal plane (Figure 5.41 and 

Figure 5.42) aligns with the profile obtained in previous walking sessions (Section 5.4.4). 

 

Figure 5.41: (a) Residuum/socket interface angular motion in coronal plane and (b) medial-lateral component of 
GRF, over a GC, obtained when walking on the descending ramp in session 1. Elan foot was set to normal and 

braking mode. 
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Figure 5.42: (a) Residuum/socket interface angular motion in coronal plane and (b) medial-lateral component of 
GRF, over a GC, obtained when walking on the descending ramp in session 2. Elan foot was set to normal and 

braking mode. 

Regardless of terrain and hydraulic foot settings, higher angular motion in coronal plane (Table 

5.13) was obtained in Session 2, compared with the values obtained in Session 1.This level of 

variation could potentially result from the design of the socket. No feature was built on the 

socket to restrict the motion of the residuum in coronal plane. With the test sessions conducted 

on different days, this could results in a larger variation in the residuum in coronal plane. It is 

also worth noting, under each test condition there was no statistical difference between the 

medial-lateral GRF obtained in both test sessions. Socket designs for knee disarticulation 

amputee is particularly challenging. It requires the stabilisation of the LFE and MFE at distal 

region, at the same time, moderate restriction needs to be applied at proximal regions to 

maintain the stability in coronal plane. Using this technique, the stability in coronal plane could 

be potentially correlated to the angular motion in coronal plane, providing prosthetist guidance 

at socket fitting stage.  

Table 5.13: Peak to peak value of angular motion and peak value of medial-lateral GRF, obtained when walking on 
level surface, descending surface with brake setting de-activated and activated. 

Session No. Angular motion (°) – coronal plane Peak medial-lateral GRF (N) 

 Level Descent Descent--Brake Level Descent Descent--Brake 

1 3.0 ± 0.3 3.4 ± 0.3 4.0 ± 0.3 42 ± 5 42± 5 42 ± 8 

2 3.4 ± 0.4 4.9 ± 0.3 5.2 ± 0.4 46 ± 5 41 ± 6 41 ± 5 

Greater peak to peak angular motion in coronal plane was observed when brake setting was 

activated in both sessions (p<0.05), comparing to the value obtained with brake de-activation. 

When comparing the peak medial-lateral GRF, no significant change was observed when 

comparing the value obtained in both foot settings (p>0.05).  
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It is evident that the temporal profile of the axial length (Figure 5.43 and Figure 5.44) aligns 

with the profile obtained in previous walking sessions. It is also worth noting that, from IC to 

TO, similar axial length values were obtained with both foot settings, as indicated by the peak 

values in Table 5.14. 

 

Figure 5.43: (a) Residuum/socket interface axial length and (b) vertical component of GRF, over a GC, obtained 
when walking on the descending ramp in session 1. Elan foot was set to normal and braking mode. 

 

Figure 5.44: (a) Residuum/socket interface axial length and (b) vertical component of GRF, over a GC, obtained 
when walking on the descending ramp in session 2. Elan foot was set to normal and braking mode. 

Table 5.14: Axial length and peak value of medial-lateral GRF at TS, obtained when walking on level surface, 
descending surface with brake setting de-activated and activated. 

Session No. Axial length (mm) Vertical GRF (N) 

 Level Descent Descent--Brake Level Descent Descent--Brake 

1 27 ± 1 30 ± 1  31 ± 1 821 ± 20 782 ± 11 775 ± 10 

2 23 ± 1 30 ± 1 30 ± 1 850 ± 15  781 ± 13  762 ± 11  

When walking on a descending ramp with two hydraulic ankle settings, little change was 

observed in peak-to-peak axial length in stance phase (up to 0mm and 1mm in Table 5.14). 

However, it is not the case for the vertical GRF values, with brake activated, reduced (p<0.05) 

vertical GRF was observed comparing to the value obtained when the brake was de-activated. 

This may further suggest that, the increase in the vertical GRF (up to 19N), may not necessarily 
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induce the corresponding increase in axial length. This could potentially explained by the non-

linear behaviour of the residuum tissue. The rate of increase in strain may not match the 

corresponding rate of increase in stress. In other word, a much greater load needs to be applied 

to the residuum to induce the same amount of tissue deformation at higher strains, comparing 

to that at lower strains. Therefore, when applying 780N of load (vertical GRF in Table 5.14) to 

the residuum, an additional 19N (induced from the braking setting) did not necessarily lead to 

the increase in the axial length. This may inform that, for a particular socket interface, there 

might be a threshold of the maximum axial movement under compression. This threshold can 

then be used as a parameter to assess the overall biomechanical performance of the socket 

interface. 

When walking on an ascending ramp 

It is evident that the temporal profile of the angular motion (Figure 5.45a and Figure 5.46a) 

matches well with the data obtained in Section 5.4.4. It is also worth noting that the hydraulic 

ankle setting did not change in peak to peak value of the angular motion value in sagittal plane 

(approximately 8°). When comparing the values obtained from IC to mid-stance phase (Table 

5.15), assist setting has led to greater angular motion. Higher peak braking GRF was obtained 

assist setting was applied, comparing to the value obtained when assist setting was de-

activated (Table 5.15). It is likely that the higher angular motion value in early stance phase, 

obtained when assist setting was applied, can be explained by the slight higher peak braking 

GRF. 

 

Figure 5.45: (a) Residuum/socket interface angular motion in sagittal plane and (b) anterior-posterior component 
of GRF, over a GC, obtained when walking on the ascending ramp in session 1. Elan foot was set to normal and 

braking mode. 
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Figure 5.46: (a) Residuum/socket interface angular motion in sagittal plane and (b) anterior-posterior component 
of GRF, over a GC, obtained when walking on the ascending ramp in session 2. Elan foot was set to normal and 

braking mode. 

Table 5.15: Peak to peak value of angular motion and peak value of braking force, obtained when walking on level 
surface, ascending surface with assist setting de-activated and activated. 

Session No. Angular motion (°) – sagittal plane Peak braking GRF (N) 

 Level Ascent Ascent - Assist Level Ascent Ascent - Assist 

1  3.6 ± 0.2 1.0 ± 0.2 2.0 ± 0.3  99 ± 5 76 ± 9 70 ± 10  

2 3.9 ± 0.3 2.5 ± 0.2 3.0 ± 0.2 118 ± 20 56 ± 8 46 ± 9 

It is evident that the temporal profile of the angular motion in coronal plane (Figure 5.47a and 

Figure 5.48a) aligns with the profile obtained in previous walking sessions (Section 5.4.4).  

 

Figure 5.47: (a) Residuum/socket interface angular motion in coronal plane and (b) medial-lateral component of 
GRF, over a GC, obtained when walking on the ascending ramp in session 1. Elan foot was set to normal and 

braking mode. 
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Figure 5.48: (a) Residuum/socket interface angular motion in coronal plane and (b) medial-lateral component of 
GRF, over a GC, obtained when walking on the ascending ramp in session 2. Elan foot was set to normal and 

braking mode. 

Table 5.16: Peak to peak value of angular motion and peak value of medial-lateral GRF, obtained when walking on 
level surface, ascending surface with brake setting de-activated and activated. 

Session No. Angular motion (°) – coronal plane Peak medial-lateral GRF (N) 

 Level Ascent Ascent-- Assist Level Ascent Descent--Assist 

1 3.1 ± 0.2  2.9 ± 0.2 3.0 ± 0.3  45 ± 5 32 ± 5 45 ± 4 

2 3.3 ± 0.3 3.2 ± 0.1  3.2 ± 0.2  51 ± 5 49 ± 5  48 ± 4 

It is evident that there is little difference found in the angular motion in coronal plane when 

assist was activated and de-activated (Table 5.16). However, when comparing the value 

obtained just before TS phase (approximately 36% of GC), an increase of up to 0.5° was found 

in the angular motion when assist setting was activated, comparing the value obtained the 

assist setting was de-activated. This phenomenon is particularly evident for the result obtained 

in session 1. This could be potentially explained by the greater medial-lateral GRF obtained 

when assist setting was activated (Table 5.16). 

It is evident from Table 5.17 that a significant reduction in peak to peak axial length value was 

obtained when walking on the ascending terrain (p<0.05), comparing to the value obtained 

when walking on level surface. Walking on the ascending terrain has led to a decrease of peak 

vertical GRF (p<0.05), comparing to the value obtained when the assist setting was de-activated. 
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Figure 5.49: (a) Residuum/socket interface axial length and (b) vertical component of GRF, over a GC, obtained 
when walking on the ascending ramp in session 1. Elan foot was set to normal and braking mode. 

 

Figure 5.50: (a) Residuum/socket interface axial length and (b) vertical component of GRF, over a GC, obtained 
when walking on the ascending ramp in session 2. Elan foot was set to normal and braking mode. 

Table 5.17: Axial length and vertical GRF obtained over a GC, when walking on level surface, ascending surface with 
assist setting de-activated and activated. 

Session No. Peak-to-peak axial length (mm) Vertical GRF (N) 

 Level Ascent Ascent -- Assist Level Ascent Ascent -- Assist 

1 28 ± 1 17 ± 1 14 ± 1 849 ± 20 829 ± 11 799 ± 10 

2 26 ± 1 14 ± 1 10 ± 1 852 ± 15  844 ± 13  815 ± 11  

When comparing the peak to peak axial length obtained with two assist settings, no consistent 

trend was observed (Table 5.17) between session 1 and session 2. However, when comparing 

the value obtained at mid-stance phase of the GC, as shown in Table 5.18, greater axial length 

value was obtained when assist setting was applied, comparing to the value when assist setting 

was de-activated. It is also evident that, for session 1 in particular, greater vertical GRF was 

obtained when assist setting was applied, comparing to the value when it is de-activated. It is 
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likely that the increase in axial length could be associated with the greater loads in the axial 

direction.  

Table 5.18: Axial length and vertical GRF obtained at mid-stance of GC, when walking on level surface, ascending 
surface with assist setting de-activated and activated. 

Session No. Axial length (mm) – mid-stance Vertical GRF (N) – mid-stance  

 Level Ascent Ascent -- Assist Level Ascent Ascent -- Assist 

1 22 ± 1 12 ± 1 14 ± 1 583 ± 20 602 ± 11 654 ± 10 

2 20 ± 1 9 ± 1 10 ± 1 601 ± 15  599 ± 13  598 ± 11  

5.4.6 Walking with different prosthetic knees 

As mentioned in 2.5.3, a greater knee flexor moment was achieved with a MKP, comparing with 

a mechanical knee, which could in turn alter the interface biomechanics. The section presents 

the results obtained by performing protocol A9 (Section 5.3.1). 

From IC to just before TO, the angular motion in sagittal plane (Figure 5.51a) increases to up to 

11° and 8°, respectively. During swing phase, the angular motion decreased such that it had 

restored to the value seen at IC. 

 

Figure 5.51: (a) Angular motion in sagittal plane and (b) anterior-posterior component of GRF, obtained over a GC. 
Participant was fitted with a polycentric and microprocessor controlled knee. 

During early stance phase (approximately 10% of GC), peak braking forces of up to 103N and 

97N were obtained when participant was fitted with a polycentric knee and MPK (Figure 5.51b), 

respectively. This suggested that similar braking forces were observed during early stance. At 

TS phase, peak propulsive forces were up to 117N and 96N. Comparing the value obtained 

when fitted with a polycentric knee, a reduction in peak to peak values of angular motion of up 

to 3° were observed, when fitted with a MPK. This may be associated the reduction in the 

anterior-posterior component of GRF in the TS phase. 
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From IC to approximately 20% of GC, the angular motion in coronal plane (Figure 5.52a) 

decreased from 0° to up to -2° and -3° when fitted with a polycentric knee and MPK, 

respectively. After 20% of GC, there was a divergence of response, with angular motion 

continuing to decrease until a peak value of -4° was obtained at about 43% of GC, when fitted 

with the polycentric knee. By contrast, the angular motion maintained a value of -2° from 20-

50% of GC, when fitted with the MPK. This was followed by an increase of angular motion for 

the remainder of the stance phase. During swing phase, approximately 1° of fluctuation was 

observed. 

 

Figure 5.52: (a) Angular motion in coronal plane and (b) medial-lateral component of GRF, obtained over a GC. 
Participant was fitted with a polycentric and microprocessor controlled knee. 

There was an increase of up to 49N in the medial force at approximately 20% of GC with a small 

decrease between 20-30% of GC (Figure 5.52b). From 30-50% of GC, when fitted with 

polycentric knee, the medial-lateral component of GRF increased to up to 61N. However, when 

fitted with a MPK, the medial-lateral component of GRF yielded a small decrease to a value of 

approximately 30N. During the remainder of the stance phase, the GRF decreased reaching 

zero at TO. 

It is evident that, with the higher medial forces obtained at approximately 45% of GC (61N with 

polycentric knee and 30N with MPK), there was a corresponding higher angular motion (-4° 

with polycentric knee and -2° with MPK). This also suggests that the reduction in GRF may be 

associated with a reduction in angular motion in coronal plane. 

From IC to approximately 20% of GC, axial length (Figure 5.53a) decreased from 0mm to 

approximately -15mm and -10mm when fitted with a polycentric and MPK, respectively. This 

was followed by an increase in axial length during 20-40% of GC. As gait progressed to the TS 

phase, the axial length further decreased with values of up to -15mm and -5mm obtained at 

50% of GC. During the swing phase, the axial length restored to the value seen at IC. Peak to 
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peak values of up to 17mm and 10mm were obtained when the participant was fitted with 

polycentric and MPK, respectively. 

 

Figure 5.53: (a) Axial length and (b) vertical component of GRF, obtained over a GC. Participant was fitted with a 
polycentric and microprocessor controlled knee. 

Similar peak vertical GRF (p>0.05) were obtained during early stance phase (907N±20N with 

polycentric knee and 911N±15N with MPK in Figure 5.53b). However, there was an increase in 

the vertical component of GRF during stance phase when fitted with the MPK (586N), when 

compared with the polycentric knee (539N). 

It is evident that although similar vertical GRF was obtained in early stance phase, more axial 

length was obtained when fitted with the polycentric knee when compared with the MPK. It is 

believed that the change in the prosthetic alignment when switching the test prosthesis needed 

to be compensated by the increased residuum movement against the socket. In addition, the 

MPK with control stance support would give an enhanced residuum stability inside the socket 

compared with a polycentric knee. 

Advantage of using MPK was previously reported in both qualitative measures (e.g. Prosthesis 

Evaluation Questionnaire) and quantitative measure (Time Up and Go test). In addition, based 

on this case study, a reduction in the 3D motion at residuum/socket interface was evident, 

which is critical in improving the overall prosthetic limb stability during dynamic gait. In 

additions to this, in order to further reduce the 3D motion at residuum/socket interface, active 

control algorithm can be built into the existing microprocessor in the MPK. This could, thereby, 

lead to a patient-specific active controlled prosthesis. 

5.5 3D residuum motion results – trans-tibial amputee 

Section 5.4 presents the interface kinematics on a knee-disarticulation amputee. For trans-

tibial amputee, especially, the stiffness of the socket interface can be associated with the fit 
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[245]. Further, the stiffness of the socket interface is comprised of the relative motion and the 

force experience at the interface. Therefore, in this section, the residuum motion at socket 

interface will be studied. 

5.5.1 Level walking activity 

This section presents the results obtained from protocol B1 (Section 5.3.1). 

From IC to approximately 18% of GC, there is a general decrease of angular motion (Figure 

5.54a and Figure 5.54b). This corresponds to the VRS movement towards anterior direction, as 

indicated in Figure 5.6b. This finding aligns well with the conceptualised movement mentioned 

in the literature (Figure 2.49) as the knee is forced to extend due to the external load exerted 

by the socket. The angular motion maintained at this level until approximately 40% of GC, 

showing a further decrease. It reached a local minimum point just after TO. The further anterior 

movement of VRS could help to create a moment about the prosthetic ankle, aiding the loading 

of the prosthetic forefoot for propulsion purpose. During the rest of the GC, it recovers to the 

value obtained at IC. This corresponds the VRS movement towards anterior direction. It is worth 

noting that, majority of the motion in sagittal plane occurs in swing phase. When comparing 

the temporal profile obtained in two sessions, repeatable patterns were evident.  

 

Figure 5.54: Residuum motion at socket interface in sagittal plane for (a) participant 1 and (b) participant 2, 
respectively. 

The temporal profile of the angular motion in sagittal plane was then compared with the results 

obtained by Childers and Siebert [169]. In stance phase, the two temporal profiles align with 

each other. However, in swing phase, the timing at which the minimum value occurs, obtained 

by Childers and Siebert, was further shifted to a later stage of GC. This could likely attributed 

to the difference in gait, as no information was provided by Childer and Sieberts. Peak to peak 

value of up to 4.9 ± 0.3° and 7.3 ± 0.3° in sagittal plane, was obtained by participant 1 in session 

1 and session 2, respectively, with higher value seen in Session 2 (p=0.00). Peak to peak value 
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of approximately 7.3 ± 0.3° in sagittal plane was obtained by participant 2. When comparing 

the peak to peak value obtained by Childers and Siebert (up to 17°), the results obtained from 

the current study (from two participants) was approximately halved. This may attributed to the 

different socket fit between the participants. 

For both participant, up to 2° of angular motion was obtained in coronal plane in stance phase 

(Figure 5.55a and Figure 5.55b). In swing phase, approximately 4° of angular motion was 

obtained in the coronal plane. The increase of angular motion in coronal plane corresponds to 

the VRS movement towards lateral side of the socket. Lower value obtained in stance phase 

could be potentially explained by the socket design as medial-lateral ‘wings’ were built on 

socket to reduce the coronal plane movement. In swing phase, as the interaction between the 

residuum and socket is dominated by inertia, a greater movement was evident. It is worth 

noting that the only previous study that reports the dynamic interaction between the residuum 

and socket did not include the coronal plane motion.  

 

Figure 5.55: Residuum motion at socket interface in coronal plane for (a) participant 1 and (b) participant 2, 
respectively. 

Similarly, repeatable pattern was obtained between session 1 and session 2 for participant 1 

(Figure 5.56a). The temporal profile obtained from participant 2 (Figure 5.56b) also aligns with 

the results obtained from participant 1. Little angular movement in transverse plane was 

evident in stance phase. However, up to 1.2° and 1° of angular motion was obtained in 

transverse plane, which is significant lower than the value obtained in sagittal and coronal plane. 
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Figure 5.56: Residuum motion at socket interface in transverse plane for (a) participant 1 and (b) participant 2, 
respectively. 

From IC to approximately 18% of GC, there is a general decrease of axial length, indicating the 

residuum was pushed into the socket (Figure 5.57a and Figure 5.57b). From 18% of GC to 

approximately 40% of GC, the axial length increases, restoring to the value seen at IC. From 40% 

of GC to approximately 58% of GC, there is a further decrease in axial length, meaning residuum 

was sinking into the socket during TS phase. During rest of the stance phase, axial length 

increase as swing phase starts to initiate. The lengthening and the shorten of the axial length 

could be potentially associated with the force transferred from the ground interface. During 

loading response, there is an increase in vertical GRF, which pushes the residuum into the 

socket. As vertical GRF reduces, reaching mid-stance, axial length restores. In TS, the limb was 

loaded again to generate an energetic push-off, the residuum was again pushed into the socket. 

 

Figure 5.57: Residuum axial length at socket interface for (a) participant 1 and (b) participant 2, respectively. 

Between approximately 62-65% of GC, axial legnth continues to increase, reaching a value 

greater than that observed at IC. This corresponds the pull-out of the residuum out of the 

socket. It is likely that the phenomenon could be associated with the inertial effect as the limb 

swings forward. Between approximately 65-88%, axial length further decreases. This may 
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attributed by a number of factors, including the recoil of residuum tissues in combination with 

the recoil related to the mechanical stiffness of the suspension system, which overcomes 

inertial and gravitation forces related to swing dynamics of the prosthetic limb. In the rest of 

the swing phase, the axial length recovers to the value obtained at IC. It is worth noting that, 

similar temporal profile was also obtained by Childers and Siebert. In terms of peak to peak 

axial length value, up to 27mm and 20mm were obtained from participant 1 in session 1 and 

session 2, respectively. For participant 2, up to 21mm of peak to peak axial length was obtained. 

This value (ranges from 20-27mm) aligns well with previous reported studies (0 - 41.7mm, 

Section 2.6.2). 

It is worth noting that the axial length obtained on the two trans-tibial amputee (up to 5mm), 

in stance phase, was significantly reduced comparing to the value obtained on the knee-

disarticulation amputee (up to 32mm). There are two possible explanations associated with 

this finding. First, although the force experience at the interface in stance phase is typically 

greater than the value in swing phase, the mechanical behaviour of the interface under 

compressive force (stance phase) can be significantly different from that during tensile force 

(phase). Further, muscles were activated during stance phase to control the rate of the knee 

motion, ensuing the stability of the limb (Section 4.2.3). The contraction of the muscle could 

result in a stiffer interface. With the same load applied to the interface, less axial length can be 

induced with a stiffer interface. 

5.5.2 Walking on different terrains 

As demonstrated in Section 4.4.2, walking on different terrain resulted in a change in knee joint 

angle and moment in early stance, for trans-tibial amputee. However, the effect of altered joint 

mechanics on the socket interface biomechanics is not well understood, which may be 

associated with the safety and stability when walking on a descending ramp. This is particularly 

the case for trans-tibial amputee, as the knee was contained in this socket. In this section, 

results obtained from protocol B2 will be presented (Section 5.3.1). 
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Figure 5.58: (a) Residuum/socket interface angular motion in sagittal plane obtained on different terrains, over a 
GC. (b) Anterior-posterior component of GRF, obtained on different terrains, over a GC 

When walking on a descending ramp, there is a decrease of angular motion from IC to 40% of 

GC (Figure 5.58a). However, when walking on the ascending ramp, an increasing trend of 

angular motion was evident. Up to -135N of braking force was obtained when walking on the 

descending ramp at 18% of GC, while a positive value (up to +40N) was obtained at first 5% of 

GC when walking on the ascending ramp (Figure 5.58b). This may explain the decreasing and 

increase trend of angular in sagittal plane from 0-40% of GC, when walking on descending and 

ascending ramp, respectively. From 40% of GC, angular motion in sagittal plane decreases and 

reached a peak minimum point at mid-swing phase of GC (approximately 70% of GC). Similar 

to the previous study (Section 5.5.1), majority of the residuum motion relative to the socket 

occurs during swing phase.  

When comparing the peak to peak value of angular motion in sagittal on different terrains. Up 

to 7.2 ± 0.5°, 5.5 ± 0.3° and 4.7 ± 0.3° of peak to peak value was obtained when walking on level, 

descending and ascending surface, respectively. It is worth noting that unlike the experimental 

protocol used for the knee disarticulation participant, walking speed is not controlled during 

data collection. The participant was walking at self-selected speed so that safety is ensured, 

especially when walking on the descending ramp. The difference in peak to peak value obtained 

in this study should be treated cautiously as walking speed may affect the residuum motion 

relative to socket.  

Regardless of terrain, up to 1° of angular motion in coronal plane was obtained on the trans-

tibial participant in stance phase (Figure 5.59a). Highest medial-lateral GRF (Figure 5.59b) was 

obtained when walking on descending surface (40N ± 8N), followed by the value obtained on 

level (22 ± 4N) and ascending surface (21 ± 11N). Though difference was found in medial-lateral 

GRF when walking on different terrains, little change in angular motion value was observed. As 

mentioned previously, this is likely due to the tight media-lateral wing and this would restrict 
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the movement in coronal plane. In this swing phase, up to 2.5 ± 0.2°, 1.8 ± 0.3° and 2.2 ± 0.2° 

of residuum motion relative to socket was obtained (Figure 5.59a).  

 

Figure 5.59: (a) Residuum/socket interface angular motion in coronal plane obtained on different terrains, over a 
GC. (b) Anterior-posterior component of GRF, obtained on different terrains, over a GC 

From IC to approximately 18% of GC, there is a general decrease of axial length when walking 

on level and descending surfaces (up to -7mm in Figure 5.60a). However, this finding is not 

particularly evident when walking on the ascending surface, as less than 1mm of decrease in 

axial length was obtained at 5% of GC. Up to 683 ± 12N, 694 ± 20N and 568 ± 20N was obtained 

in early stance phase, when walking on level, descending and ascending surface, respectively. 

This decrease of axial length at this stage of GC may be attributed to the increase of vertical 

GRF, pushing the residuum into the socket. Lowest vertical GRF was obtained when walking on 

ascending surface, which may explain the reduction of axial length obtained, comparing to the 

values obtained on level and descending surfaces. 

 

Figure 5.60: (a) Residuum/socket interface angular coupling in transverse plane obtained on different terrains, over 
a GC. (b) Anterior-posterior component of GRF, obtained on different terrains, over a GC 

From 28% of GC, axial length increases regardless of terrain. At approximately 45% of GC, up 

to 11mm, 8mm and 6mm of axial length restoration were obtained when walking on level, 
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descending and ascending surfaces a, respectively. It is worth noting that, the timing at which 

the mid-stance valley occurs in vertical GRF (ranges from 25% to 30% of GC) does not match 

the timing of the end of restoration (45% of GC). It is believed that the axial length change 

during this period may have an influence from the knee rotation in sagittal plane. From 45% of 

GC to 65% of GC, axial length increases, meaning the residuum was pulled out of the socket, 

due to inertial effect. Up to 19mm, 16mm and 17mm of peak to peak axial length were obtained 

over a GC, when walking on level, descending and ascending surface, respectively. For this 

particular trans-tibial amputee, when walk on non-level surface, a reduction was found on the 

peak to peak interface kinematic motion, comparing to the value obtained when walk on level 

surface. 

5.5.3 Walking with different suspension technique 

The attachment between the socket and the residuum can be either achieved by a pin-lock 

liner suction or vacuum-assisted techniques (Section 2.1.4). The application of different 

techniques would inevitably alter the mechanical behaviour of the interface, such as 

compliance (Figure 2.12), which will in turn affect the interface kinematic motion. The choice 

of attachment technique on different amputee would benefit from the bespoke understanding 

of the interface kinematics. This section presents the results obtained from protocol B3 

(Section 5.3.1). 

It is evident that the temporal profiles (Figure 5.61a and Figure 5.61b) obtained in this session 

is similar comparing to the profile obtained in previous level walking studies (Section 5.5.1). 

Table 5.19 illustrates the peak to peak angular motion value obtained, over a GC. When the 

Echelon Vac setting is ‘On’ or the tube is connected to the socket, a greater angular motion 

value was obtained in both sagittal and coronal plane (p<0.05).  

To be specific, with vacuum built at the socket interface, a greater angular motion in sagittal 

plane was observed in the swing phase (Figure 5.61a). This may be associated with a greater 

swing speed as adequate attachment between the residuum and the socket, resulting in more 

confidence in gait [68, 79]. Furthermore, with vacuum built at the socket interface, a greater 

angular motion in coronal plane (up to 0.3°) was observed in early stance phase, comparing 

with value obtained without vacuum. However, this finding needs to be treated with cautious, 

as 0.3° of difference may not be clinically significant. The overall increase in angular motion 

with vacuum presented at the interface may be associated with the increased usage of the 

residuum, engaging more with the socket in angular directions. The increase usage of residuum 

was one of the key design criteria of the modern prosthetic components. This serves the 
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purpose of reducing load on the contra-lateral side thus, reducing the risk of musculoskeletal 

disorder. 

 

Figure 5.61: Residuum/socket interface angular motion in (a) sagittal plane and (b) coronal plane obtained with 
two suspension techniques, over a GC. 

Table 5.19: Peak to peak value of angular motion with two Echelon Vac setting, over a GC. 

Echelon Vac status Angular motion (°) 

 Sagittal plane Coronal plane 

Off 5.0 ± 0.2 2.1 ± 0.1 

On 6.1 ± 0.2 2.6 ± 0.2 

Up to 21mm and 11mm of peak to peak axial length (Figure 5.62) was obtained when Echelon 

Vac setting was On and Off, respectively. This shows an overall reduction in axial movement of 

the residuum, relative to the socket when suction was built at the interface. When investigating 

the axial length in stance and swing phase separately, more axial movement was evident when 

Echelon Vac was On (up to 7mm), comparing to the value when Echelon Vac was set to Off 

mode (up to 3mm). In the swing phase, up to 18mm and 10mm of axial movement was 

obtained when Echelon Vac was set to Off and On mode, respectively.  

(a) (b) 
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Figure 5.62: Residuum/socket interface axial length obtained with two suspension techniques, over a GC. 

As reported in previous study the normal cushion liner promotes the axial movement of the 

residuum relative to socket in stance phase (up to 3mm), comparing to a suction liner. In swing 

phase, a suction liner reduces the axial moment of the residuum relative to socket (up to 4mm), 

comparing to a cushion liner [168, 216, 246]. It is believed that the introduction of vacuum at 

the socket interface could potentially results in the increase in interface stiffness in axial 

direction. With same inertial force applied to the socket interface, in swing phase, a stiffer 

interface will produce less movement. However, this is not the case for angular motion, as 

illustrated in Figure 5.61a. The vacuum presented at socket interface has led to an increase in 

angular motion in sagittal plane. It is worth noting that, although the vacuum was presented at 

the socket interface, the stiffness in angular direction remain unchanged. The increase in swing 

speed or shank angular velocity could potentially lead to the increase in angular motion. 

Various reports in literature [68, 79, 168, 216, 246] made a general statement as a suction 

socket can produce less axial motion between the residuum and the socket. This statement 

should be treated cautiously, as vacuum presented at socket interface may lead to increase in 

residuum motion in stance phase. This also shows that the proposed interface kinematic model 

has produced extra biomechanical understanding at socket interface, comparing to previous 

reported studies in this field.  

This chapter presents the assessment of the residuum/socket interface kinematics for lower 

limb amputee. A residuum/socket interface kinematic model was developed based on a 

conventional 6-DoF musculoskeletal model (Section 5.1 and Section 5.2). The model enables 

the study of both dynamic angular motion and axial length with the aid of the 3D motion 

capture system. The repeatability of the model was assessed on both trans-tibial and knee 

disarticulation participants. Intra-session SD values of up to 0.6° and 1.2mm was obtained on 
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angular motion and axial length, respectively. Acceptable intra-session waveform repeatability 

was also obtained (R2 value of up to 0.988). Inter-session SD values of up to 0.9° and 6mm was 

obtained on angular motion and axial length, respectively. In addition, acceptable waveform 

repeatability was achieved with R2 values of up to 0.991. The sensitivity of the model was 

assessed by altering the walking speed, terrain and prosthetic components. As an example, up 

to 96% and 12% of increased in angular and axial length was obtained, respectively, when 

walking from slow to fast speed (Section 5.4.3). When walking descending surface, an increase 

of up to 3° of angular motion was achieved in early stance phase, comparing the value obtained 

when walking on ascending surface. In addition, a reduction of 3° of angular motion was evident 

when switching from a polycentric knee to a MPK. Therefore, potential sensitivity of interface 

kinematic model has been demonstrated with a series of case studies. 
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Chapter 6 Interface stresses of the lower limb residuum 

While residuum motion has been evaluated (Chapter 5), it is important to study the mechanical 

loading at the socket interface as this kinetic function is intricately linked during amputee 

ambulation. Comprehensive understanding of these loading patterns and profiles is essential 

for evaluation of socket fit (Section 2.1.3), residuum tissue health for both trans-tibial and 

trans-femoral amputees. In particular, the socket interface is subject to multi-directional 

mechanical stresses i.e. pressure (perpendicular to skin surface), longitudinal shear (axial 

direction) and circumferential shear (transverse direction). The prolonged exposure of these 

interface stresses can potentially lead to discomfort (Section 2.2.1), skin ulcer and even deep 

tissue injuries, affecting rehabilitating outcomes and quality of lives. Despite many reported 

interface sensors (Section 2.7.1), the unmet need of a tri-axial pressure and shear sensors 

system remains which can be comfortably applied at residuum/socket interface during walking.  

A novel TRIPS sensor system was developed as part of a previous PhD project by Dr. Piotr 

Laszczak in Prof. Liudi Jiang’s team (Section 2.7.2). Although promising, the previous TRIPS 

sensor system faced technical issues of noise and signal processing difficulties. Clinically, only 

one session of amputee level walking test have been conducted. No trans-tibial amputee tests 

have been performed. Thus, comprehensive biomechanical studies based on trans-tibial and 

trans-femoral tests were needed. In this chapter, experimental protocol will be explain 

separately for the knee-disarticulation amputee and two trans-tibial amputees. The interface 

stresses obtained from a series of walking tests will be presented subsequently. Last but not 

the least, the interface biomechanics will be assessed using the combined kinetic and kinematic 

assessment. 
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6.1 Walking test protocol 

Figure 6.1 shows a series of amputee walking tests conducted.  

 

Figure 6.1: A flow chart for amputee walking tests. 

6.1.1 Sensor Placement 

Sensor placement on the knee disarticulation amputee 

The preliminary aim of this study was to capture interfacial loading during ambulation in sagittal 

plane. The sagittal plane was chosen as it is the main plane where major forces and moments 

are transferred from ground to support the residuum/socket interface and enable the 

advancement of the limb (Section 2.4 and Section 4.2). Therefore, the sensors were placed at 

anterior and posterior regions of the socket. For this particular knee-disarticulation participant, 

three sensors were placed at anatomical locations of posterior-proximal (PP), anterior proximal 

(AP) and anterior distal (AD) respectively. The rationale of the sensor placement was based on 

the conceptualised knee disarticulation socket biomechanics; a majority of the load may be 

observed at proximal locations. AD region, also termed as ‘kick-point’, was also selected as a 

region of interest as it acts as a pivot point, especially for knee disarticulation amputee. 
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Prior to the placement of the sensor, the subject was asked to sit down and the Pelite liner 

(Figure 6.2a), worn by the participant, was doffed for inspection. At AP and PP region of the 

Pelite liner, signs of contact or wear were identified as shown in Figure 6.2b and Figure 6.2c. 

These signs of wear due to long-term use of the Pelite liner were revealed as darker regions 

compared to the surrounding area. At the AD region of the Pelite liner, an indent feature 

(dashed circle in Figure 6.2d) was identified for sensor placement. 

 

Figure 6.2: (a) A photo of the Pelite liner worn by the knee-disarticulation participant, (b) sign of contact on the AP 
region of the Pelite liner, (c) sign of contact on the PP region of the Pelite liner and (d) an indent feature built on the 

Pelite liner 

Three sensors units, marked as ‘Sensor 1’, ‘Sensor 2’ and ‘Sensor 3’ in Figure 6.3a, were 

mounted on the inner surface of the Pelite liner at PP, AP and AD location, respectively, using 

double sided tape. The exact locations of the three sensor units were further measured using 

a tape measure, such that: 

 Sensor placed at PP location: approximately 170mm from the medial trim line of the 

Pelite liner and approximately 60mm distal to the posterior brim of the Pelite liner 

(Figure 6.3b). 

 Sensor placed at AP location: approximately 100mm from the medial trim line of Pelite 

liner and approximately 90mm from the anterior brim of the Pelite liner (Figure 6.3c) 

 Sensor placed at AD location: 220mm distal to the anterior brim of the Pelite liner 

(Figure 6.3c), medial to the sensor placed at AP location of the Pelite liner. 
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Figure 6.3: (a) Sensor placement on the inner surface of the Pelite liner and identification of sensor location on the 
(b) PP location, (c) AP location and (d) AD region of the Pelite liner 

Once all three sensor units were mounted on the inner surface of the Pelite liner, the subject 

put on one thick sock and donned the liner onto the residuum. Subsequently, the socket with 

the rest of the prosthesis was attached. In some cases, the sensor placed at the AD location 

could cause discomfort on the residuum due to the sensitive nerve and scar tissue within this 

region of the residuum. The location of the AD sensor was then re-adjusted and moved to a 

more distal location. 

 

Figure 6.4: Marks transferred from the sensor unit to (a) AP, AD location and (b) PP location of the residuum 

The participant was then asked to stand up and walk along the Gait Laboratory for several 

minutes, making sure that the socket was properly donned and no further discomfort had 

developed. During the first data collection session, the participant was asked to doff the socket 
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and the Pelite liner immediately after the walking, the locations of all three sensor units were 

re-measured with the tape measure again, to ensure that no slip had occurred between the 

sensor and the Pelite liner. In addition, in order to check the sensor was correctly placed on the 

residuum, visual inspection on the marks transferred from the sensor unit to the residuum were 

inspected, as shown in Figure 6.4. For example, by palpating the mark left by the AD sensor 

(Figure 6.4a), the researcher was able to feel the distal region of the femur. 

 

Figure 6.5: Positive directions of pressure, SC and SL at (a) PP, (b) AP and (c) AD location of the residuum. 

Figure 6.5 shows the positive direction of the pressure, SC and SL measured at the PP, AP and 

AD locations of the residuum, respectively. Positive pressure was defined as the pressure acting 

perpendicular to the surface of the sensor unit. At PP region (Figure 6.5a), a positive SC was 

defined as the shear stress acting on the residuum, pointing laterally; while a positive SL was 

defined as the shear stress acting on the residuum, pointing proximally. At the AP region (Figure 

6.5b), positive SC was defined as the shear force, acting on the residuum, pointing medially 

while a positive SL was defined as the shear force, acting on the residuum, pointing proximally. 

At the AD region (Figure 6.5c), positive SC was defined as the shear force, acting on the 

residuum, pointing medially, while a positive SL was defined as the shear force, acting on the 

residuum, pointing proximally. 

Sensor placement on the trans-tibial participants 

Three sensor units was attached to the inner surface of the socket, using double-sided tape. 

They are at the equivalent location of the patella tendon, distal location (or ‘kick point’) and 

superior popliteal fossa (SPF) of all three trans-tibial participants, as shown in Figure 6.6-Figure 

6.7, respectively, with positive directions of pressure and shear stresses also illustrated. It is 
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worth noting that the positive directions of circumferential shear stresses are in opposite 

directions for left and right-sided amputees. Positive direction of longitudinal shear stresses is 

pointing towards proximal aspects of the stump. 

 

Figure 6.6: (a) sensor placement on the patella tendon location and distal location of the socket and (b) sensor 
placement at SPF location of trans-tibial 1 participant. 

 

Figure 6.7: (a) sensor placement on the patella tendon location and distal location of the socket and (b) sensor 
placement at SPF location of trans-tibial 3 participant. 

6.1.2 Experimental protocol 

Knee disarticulation participants 

 A1: Effect of donning of the socket  

The knee disarticulation participant was asked first to remain in a seated position (Figure 6.8), 

subsequently, he was instructed to doff the socket and the investigator taped up to three-

sensor unit to the inner socket wall and the location of each of the sensor can be found in 

Section 6.1.1. Once the sensor units are in position, the investigator started the data collection 

of the sensor system and a baseline zero was defined when the socket is doffed. Then, the 

participant was told to don the socket and during the donning process, the participant 

remained in the seated position. Once the socket is fully donned, the investigator stopped the 
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data acquisition of the sensor system. The whole process was repeated four times to check the 

repeatability of the donning process and investigate the variation in the interfacial stresses due 

to donning. 

 

Figure 6.8: A flow chart showing the experimental protocol for capturing the interface kinetics with the effect of 
socket donning/doffing on the knee disarticulation participant. 

 A2: Standing 

Prior to this trial, the participant was asked to remain in standing position at the location of one 

step away from the force platform (Position A in Figure 6.9) for three seconds. Once a verbal 

instruction is given to the knee disarticulation participant, he took a step forward and lands his 

prosthetic limb on the force platform reaching Position B (Figure 6.9). The participant was told 

to remain in Position B, in a standing posture, for approximately four seconds. During the entire 

process, interfacial stresses were recorded at all three locations of the residuum.  

 

Figure 6.9: A schematics showing the experimental protocol for capturing the interface kinetics during standing on 
the knee disarticulation participant. 

 A3: Weight shifting 
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Followed by the standing trial, the participant was subsequently asked to perform weight 

shifting trials. The detailed description of the weight shifting trial protocol can be found in 

Section 5.3.1. Up to five cycles of weight shifting trial were performed. 

 A4: Level walking activities 

In total of four separate sessions were conducted on different days (Figure 6.10). There are 3 

days, 49 days and 41 days of separation between each of the data collection session. This 

enables the investigation on the both short and long-term change of the kinetics at the 

residuum/socket interface. The same level walkway and 3D motion capture system (Section 

5.3.1) was used. Level walking speed was controlled by a metronome with cadence was 

controlled at 100BPM. 

 A5: Level walking with different speed 

Same experimental protocol was used in this study (See Section 5.3.1). 

 A6: Walking on different terrains 

The participant was asked to first walk on the level walkway with walking cadence controlled 

at 100BPM. Up to 12 repeated trials were conducted. Straight after the level walking session, 

the participant was asked to walk on the descending ramp with walking cadence controlled at 

approximately 100BPM. Up to 10 trials were performed. The protocol is followed by walking 

on the ascending ramp with cadence controlled at 100BPM. Up to 10 trials were collected. In 

all of the walking trials, the participant was asked to contact the force platform with their 

prosthetic side. 

 A7: Walking activities with different hydraulic ankle setting 

The protocol involved in this study is similar to the one mentioned in Section 5.3.1. However, 

only one session was conducted on the descending ramp. 

Trans-tibial participants 

 B1: Level walking activities 

For the trans-tibial 1 participant, in total of three sessions of level walking tests were conducted 

on the same day (Figure 6.10). 
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Figure 6.10: Experimental protocol for investigating the interface stresses when performing level walking activities. 

 C1: Walking on different terrains 

Trans-tibial 3 participant took part in the study and the experimental protocol was the same as 

the on the knee disarticulation amputee (A6). 

 C2: Walking activities with different socket fit 

In this study, the Trans-tibial 3 participant took part. The study started with level walking activity 

with two socks worn over the stump. As mentioned previously, the participant claims that 2 

socks fitting is optimum during most of the day. Upon completion of the first level walking 

activity, the participant was asked to doff the socket and remove one sock from the stump. 

Subsequently, the same level walking session was repeated. Straight after the second level 

walking session, the participant doffed the socket and two thick socks were put on, on top of 

the one sock fit. Finally, same level walking activity was performed. It is worth noting that, for 

all level walking test conducted in this study, walking cadence was controlled at 100BPM. 

Interface biomechanical assessment – knee disarticulation amputee 

 D1: Level walking activity 

Same test protocol was followed as activities A4 in this section. Instead of conducting multiple 

sessions, only one test session was performed. 

 D2: Level walking with different speed 

Same test protocol was followed as activities A5 in this section. 

 D3: Walking on different terrains 

Same test protocol was followed as activities A6 in this section. 
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6.1.3 Data collection and analysis 

Data collection 

Before conducting any test, a synchronisation device (Section 3.4.5) was plugged into both 

motion analysis system and TRIPS sensor system. This enables the alignment of the data from 

the motion analysis system with the data from TRIPS sensor system. The pressure and two 

components of shear stress were collected simultaneously at a rate of 100Hz. The data 

collection protocol for the motion analysis system was detailed in Section 4.1.2. 

Data analysis 

The data from motion analysis system, e.g. the GRF, was first reduced using linear interpolation, 

such that GRF data has the same sampling frequency as the ones from TRIPS sensor system. 

Subsequently, the GRF data and TRIPS sensor system data was synchronised by aligning their 

corresponding first data points. Next, both set of data was normalised with respect to a GC. 

The normalisation process was first performed on GRF as detailed in Section 4.1.2. Same 

process was performed on the TRIPS sensor results. The data analysis was followed by the 

calculation of mean and one SD for both GRF data and TRIPS sensor data. 

To facilitate the interface biomechanical assessment, the pressure difference between 

posterior-proximal and anterior-proximal location of the residuum, thus indicating the 

residuum rotational movement in sagittal plane, Equation (6.1) is used.  

 ∆𝑃𝐴𝑏𝑠 = 𝑃𝑃𝑃 − 𝑃𝐴𝑃  (6.1) 

The absolute pressure difference (ΔPAbs), is then normalised by the value obtained at the IC 

(Equation (6.1)) to indicate the relative pressure difference thus eliminating the effect of 

donning/doffing, socket alignment and socket fitting. 

 ∆𝑃 = ∆𝑃𝐴𝑏𝑠 − ∆𝑃𝐴𝑏𝑠_0% (6.2) 

The interface biomechanics in axial direction was assessed by associating the axial length 

motion of the residuum with the longitudinal shear stresses obtained at PP location of the 

residuum. PP location was chosen as a point for analysis as it provides the highest reading from 

pilot amputee tests at the two proximal locations, described in Section 2.7.2. 

6.2 Interface stresses for the knee disarticulation amputee 

6.2.1 Non-walking activities 

 A1: Effect of donning of the socket 



Chapter 6 Interface stresses of the lower limb residuum 

 

219 | P a g e  
 

This section presents the results obtained from the activity A1, the detailed protocol of A1 can 

be found in Section 6.1.2. 

Figure 6.11a shows, from 0s to approximately 15s, pressure increased to 5kPa and 3kPa at PP 

and AP region, respectively. However, the pressure value at AD location was negligible during 

the donning process. Figure 6.11b reveals approximately 3kPa change in SC at AP location, while 

the SC at PP and AD location remains negligible. The donning of the socket also results in an 

increase in SL (Figure 6.11b) at the PP location (up to 3kPa) and decrease in SL at AP and AD 

location (approximately 3kPa). 

 

Figure 6.11: (a) Pressure, (b) circumferential and (c) longitudinal shear stresses measured during donning of the 
socket, as a function of time. 

The change in the interfacial pressure, SC and SL measured after donning of socket, across four 

test sessions is illustrated in Table 6.1. Up to 11±4kPa and 4±1kPa were obtained at PP and AP 

location, respectively. When performing a 2-sample t test, higher pressure was obtained at the 

PP location than the value in AP location (p=0.033). It is worth noting that, pressure value 

obtained at AD location ranges from 0-10kPa, with 0kPa representing no contact between the 

residuum and the socket. When comparing the pressure value obtained at AD location with the 

value obtained at two proximal location, no statistical difference was observed (p>0.05 for both 

cases). 
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Up to 4kPa of change in SC was obtained at the two proximal locations and up to 6kPa of change 

in SC was observed at AD locations. When comparing the SC obtained at all three locations, no 

statistical significance was found (all p>0.05). SL in a range of 3-11kPa, -4-2kPa and -3-3kPa was 

observed at PP, AP and AD locations, respectively. Higher SL was obtained at PP location than 

that in AP location (p=0.033), whereas no statistical difference was observed in the SL obtained 

at AP and AD locations (p>0.05). 

Table 6.1: Change in interfacial pressure, SC and SL due to the donning of the socket 

Session NO. Pressure (kPa) SC (kPa) SL (kPa) 

 PP AP AD PP AP AD PP AP AD 

1 5 3 6 0 -2 0 3 -3 -3 

2 10 6 0 3 4 0 8 0 0 

3 15 4 10 4 2 6 11 2 3 

4 12 4 5 4 4 5 6 -4 -1 

Mean 11 4 5 3 4 3 7 -2 -2 

SD 4 1 4 2 3 3 3 2 2 

To the best of my knowledge, there has only been one reported work in literature that 

investigated the effect of the donning of the socket on the interface stresses for non-trans-

tibial amputee using FEA [195]. Up to 1.4kPa, 0.4kPa and 0.6kPa of pressure, SC and SL were 

reported at PP location of the residuum. These values aligned with the sensor measurements 

obtained in this work although a reported value from the FEA study was lower. This may be due 

to the incapability of simulating muscle activation during donning process in a finite element 

package. In addition, the whole donning process was simplified by applying displacement in 

axial direction only in finite element model. However, in the real scenario, the participant has 

to wiggle the socket in the medial-lateral direction to aid the donning process. 

In general, regions around distal end for a knee disarticulation amputee is commonly regarded 

as the pivot point around which femoral rotation is observed during walking (Section 2.7.3). 

The AD location of the socket, also designed to be the point of suspension for the weight of the 

prosthesis, is critical for maintaining the residuum stability inside the socket and the overall 

proprioception of the limb. In the four repeated stress measurement sessions conducted in this 

study, stress obtained in one of the session is negligible (Session 2 in Table 6.1). This indicates 

that the residuum was not in contact with the socket at AD location, which may affect the limb 

stability.  
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One SD of up to 4kPa, 3kPa and 3kPa was observed for pressure, SC and SL values. Such 

variations induced simply by donning of the socket across different session could be caused by 

a variety of practical factors. For example, for each of the donning process the entry angle of 

the residuum into the socket could be slightly different. In addition, muscle needs to be 

activated to aid the residuum to reach the appropriate location of the socket. Both could 

influence how residuum tissue is displaced inside socket during donning process. Nonetheless, 

these variations are relatively small as compare to the expected peak values in our pilot test 

results (Section 2.7.2). 

 A2: Standing 

This section presents the results obtained from the activity A2, the detailed protocol of A2 can 

be found in Section 6.1.2. 

In ‘standing phase 2’ (Figure 6.12), or the stabilisation period, up to -12N and 0N of anterior-

posterior GRF was obtained on the prosthetic and contra-lateral side respectively. Up to 30N 

and 20N of medial-lateral GRF was obtained on prosthetic side and contra-lateral side, 

respectively. Up to 376N and 476N of vertical GRF on prosthetic side and contra-lateral side, 

respectively. It is evident that higher frictional force as achieved on the prosthetic side, which 

may be associated with the seeking of stability as the anterior-posterior and medial-lateral GRF 

provides the adequate friction force at ground interface. A greater weight bearing (vertical GRF) 

was experienced on the contra-lateral side. This could be potentially associated with the 

compensatory mechanism as the prosthetic limb was less capable of weight bearing. 
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Figure 6.12: (a) Anterior-posterior, (b) medial-lateral and (c) vertical component of GRF as a function of time, 
during standing. 

During the ‘standing 1’ phase, pressure (Figure 6.13a), SC (Figure 6.13b) and SL (Figure 6.13c) 

values were constant at approximately 24kP, 0kPa and 2kPa, respectively. During the ‘step on’ 

phase of the trial, pressure increased to approximately 44kPa. By contrast, SC decreased to 

approximately -2kPa while SL increased from 3kPa to 6kPa. During the ‘standing 2’ phase of the 

trial, when both limbs were stabilised, pressure, SC and SL were constant at approximately 29kP, 

-1kPa and 4kPa, respectively. By switching to the prosthetic limb contacting the force platform, 

up to 4kPa and 2kPa of change in the pressure and shear stresses were obtained during the 

two ‘standing’ phases, respectively. 
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Figure 6.13: (a) Pressure, (b) circumferential and (c) longitudinal shear stresses measured at PP location of the 
residuum, as a function of time, during standing. 

During ‘standing 1’ phase, pressure (Figure 6.14a), SC (Figure 6.14b) and SL (Figure 6.14c) values 

were constant at approximately 16kP, -4kPa and 4kPa, respectively. When intact limb made 

contact with the force platform, there was an increase in pressure and SL to approximately 

29kPa and 10kPa, respectively, whereas SC decreased to -10kPa. During the second phase of 

‘standing’, the pressure and SC were restored to the value seen at the first ‘standing’ phase with 

an exception of slight increase of 1kPa in SL. By switching to prosthetic making contact with the 

force platform, there was no change in peak pressure and SC, whereas a slight decrease of 1kPa 

was observed in SL. 
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Figure 6.14: (a) Pressure, (b) circumferential and (c) longitudinal shear stresses measured at AP location of the 
residuum, as a function of time, during standing. 

During the ‘standing 1’ phase, pressure (Figure 6.15a), SC (Figure 6.15b) and SL (Figure 6.15c) 

maintained at 12kPa, -1kPa and 0kPa, respectively. The ‘step on’ action has resulted in an 

increase in pressure to approximately 25kPa, a decrease of SC to -2kPa and a decrease of SL to 

-2kPa. During ‘standing 2’ phase, the SC and SL values were restored to approximately the value 

seen during the first ‘standing’ phase, whereas an increase of pressure to 16kPa was evident. 



Chapter 6 Interface stresses of the lower limb residuum 

 

225 | P a g e  
 

 

Figure 6.15: (a) Pressure, (b) circumferential and (c) longitudinal shear stresses measured at AD location of the 
residuum, as a function of time, during standing. 

During quiet standing, pressure values of up to 29kPa, 16kPa and 16kPa of pressure were 

measured at PP, AP and AD location of the residuum. This suggests that higher pressure was 

obtained at PP location, comparing the values measured at AP and AD locations. In addition, SC 

of up to -1kPa, 0kPa -2kPa were obtained, while SL of approximately 7kPa, 0kPa and 0kPa were 

measured at PP, AP and AD location of the residuum, respectively. This suggests that is SL 

measured at PP location, is a dominant parameter for supporting the residuum inside of the 

socket. 

Interfacial stresses measured during standing, could be potentially used as an indicator for the 

quality of socket fit. As an example, significant variation of pressure levels at distal end, could 

be used to give indication of the socket contact at the distal end. Similarly, loading profile across 

specific load bearing region of the residuum could be quantitatively evaluated by measuring 

interfacial pressure and shear stresses. In this study, higher pressure was obtained at the PP 

location, comparing with the value at AP location. This indicates the main weight-bearing 

location at the proximal end. A prosthetist could potentially use this information as a guide, to 

perform rectification and achieve better socket fit.  
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 A3: Weight shifting 

This section presents the results obtained from the activity A3, the detailed protocol of A3 can 

be found in Section 6.1.2. 

During the first 3.5s, subject was one step away from the force plate, preparing for stepping on 

the force plate (marked as ‘preparation’ in Figure 6.16c). From approximately 3.5s to 15s, four 

weight shifting cycles were conducted (marked as ‘4 cycles’ in Figure 6.16c). During those four 

weight shifting cycles, pressure (Figure 6.16a), SC (Figure 6.16b) and SL (Figure 6.16c) showed 

cyclic patterns.  

 

Figure 6.16: (a) Pressure, (b) circumferential and (c) longitudinal shear stresses measured during the weight shifting 
trial, as a function of time. 

In order to facilitate the biomechanical explanation during the weight shifting activity, one cycle 

(started from 5.70s, ended at 7.80s) were extracted and re-plotted in Figure 6.17. Three 

separate phases are defined within one cycle. Weight Transfer phase were defined between 

5.70s and 6.15s, during which the weight of the participant gradually transferred to the 

prosthetic limb. The moment when all body weight is transferred to the prosthetic side, 

signifies the start of the second phase, the Weight Bearing phase. During Weight Bearing phase, 

body weight is maintained on the prosthetic limb until time reached 7.00s. As the participant 

started to remove the weight from his prosthetic limb (t = 7.00s), the body weight started to 
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transfer to his intact side with prosthetic limb suspended in the mid-air, until time reached 

7.80s. The activities perform between 7.00s and 7.80s, is then defined as Weight Removal 

phase. 

 

Figure 6.17: (a) Pressure, (b) circumferential shear and (c) longitudinal shear, as a function of time, extract from 
one of the four cycles 

During Weight Transfer phase, as shown in Figure 6.17a, there are general increases of pressure 

from 28kPa to 55kPa, 8kPa to 18kPa and 16kPa to 30kPa at PP, AP and AD location, respectively. 

SC at PP and AP region decreases from -1kPa to approximately 6kPa (Figure 6.17b), while SC at 

AD region remains at roughly 0kPa. Little change was observed in SL at AP and AD location 

(Figure 6.17c), while SL at PP location increased from 6kPa to 17kPa during Weight Transfer 

phase. 

During Weight Bearing phase, pressure, SC and SL all maintained roughly at the value seen at 

the end of the Weight Transfer phase. As the Weight Removal phase started, there are general 

decreases of pressure from its peak value to the value observed at the start of the cycle. 

Similarly, there are general increases of SC from its peak negative value to the value seen at the 

start of the cycle at PP and AP location, while the SC measured at AD location, remains at the 

value close to 0kPa throughout the cycle. In addition, there is a general decrease of SL during 

Weight Removal phase from 30kPa to 16kPa. 
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Figure 6.18: (a) anterior-posterior component, (b) medial-lateral component and (c) vertical component of GRF, as 
a function of time, extract from one of the four cycles 

During the ‘Weight Transfer’ phase, there is decrease of anterior-posterior GRF (Figure 6.18a) 

from a value close to 0N to a peak negative value of approximately -12N. As the full body 

transferred to the prosthetic limb, there is an increase in the anterior-posterior GRF to 

approximately 13N. This is followed by the reduction in the anterior-posterior GRF to 

approximately -6N at the end of the ‘Weight Bearing’ phase. During the ‘Weight Removal’ 

phase, the anterior-posterior GRF restores to 0N as the prosthetic limb lifted from the force 

plate. 

During the ‘Weight Transfer’ phase, medial-lateral GRF (Figure 6.18b) increases from a value 

close to 0N to up to 70N, pointing medially. It decreased from the start and reached 

approximately 44N by the mid ‘Weight Bearing’ phase. It further increases during the second 

half of the ‘Weight Bearing’ phase by the starting point of the ‘Weight Removal’ phase, it 

reached to approximately 71N. During the Weight Removal phase, the medial-lateral GRF 

reduces to 0N as the prosthetic limb lifted off from the force plate.  

During the ‘Weight Transfer’ phase, there is a rapid increase in vertical GRF (Figure 6.18c) to a 

peak value of 800N. Then the vertical GRF is maintained at approximately 800N throughout the 
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‘Weight Bearing’ phase, until the start of ‘Weight Removal’ phase. During the ‘Weight Removal’ 

phase, the vertical GRF returned to 0N as prosthetic limb lifted off from the force plate. 

As expected, the vertical GRF dominates the load transfer comparing with anterior-posterior 

and medial-lateral GRFs. As the vertical GRF increases during the ‘Weight Transfer’ phase 

(Figure 6.18a), increases in interface pressure (at all locations, Figure 6.17a) and SL (at PP 

location, Figure 6.17c) were also evident. The time when peak pressure and SL was reached 

(6.10s) was also at 6.1 s, aligning briefly with that of the vertical GRF (6.15s). The slight 0.05s 

shift could be attributable to the visco-elastic mechanical behaviour at the interface caused by 

combination of socket fit, residuum tissue, liner elastomer properties etc. This time shift was 

also reported in previous studies (Section 2.7.3). In addition, pressure at all locations 

maintained at their peak values (Figure 6.17a) during the ‘Weight Bearing’ phase when almost 

constant vertical GRF were also observed (Figure 6.18c).  

Negative SC obtained at PP and AP locations were observed in ‘Weight Transfer’ and ‘Weight 

Bearing’ phase (Figure 6.17b), suggesting the shear stress was acting medially to the residuum 

at PP location and laterally at AP location. This can then be translated to the potential clock-

wise rotation of the residuum in relation of the socket, which may contributed to the medially-

directed GRF (Figure 6.18b). Positive SL obtained at PP location suggests the shear stress was 

acting proximally to the residuum. This could be linked to the ‘push-in’ motion of the residuum 

into the socket as the residuum was loaded under body weight. 

6.2.2 Level walking activity 

This section presents the results obtained from the activity A4, the detailed protocol of A4 can 

be found in Section 6.1.2. 

Temporal profile of the interface stresses 

A double-hump pressure profile (Figure 6.19a) was observed across all four test sessions. At IC, 

pressure increased from a value close to 20N to a peak of approximately 60N at 10% of GC (1st 

peak). It was followed by a small decrease in pressure to approximately 30% of GC, as gait 

progressed to mid-stance phase. From mid-stance to TS phase (45% of GC), pressure further 

increased and a 2nd peak was reached (up to 55kPa). During the remainder of the stance phase 

and swing phase, pressure decreased until it restored to the value at IC. 
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Figure 6.19: (a) Pressure, (b) SC and (c) SL measured at PP location of the residuum, over a GC, across four data 
collection sessions 

SC (Figure 6.19b) deceased from a value close to 0kPa at IC to a peak value of up to 5kPa at 10% 

of GC. This is followed by an increase of SC from 10% of GC to mid-stance phase, attaining a 

value of approximately -2kPa. It is worth noting that, in the 4th data collections session, little 

change in SC (less than 0.5kPa) was observed between IC and mid-stance phase of the GC. In 

the transition between mid-stance to TS phase, a slight decrease was observed in the SC values 

from the first three data collection sessions. During the remainder of the stance, an increase of 

SC was evident until at TO, it restored to the value seen at IC. A change in SC of up to 1kPa was 

observed during swing phase in all four sessions. 

During the first three test sessions, a double-hump SL (Figure 6.19c) profile was observed, 

however little change in SL (up to 2kPa) was observed during the 4th data collection session. 

Clearly, a value of SL of approximately 20kPa was measured at the PP location in test Session 3, 

compared to values of approximately 2kPa in Sessions 1, 2 and 4. From IC to approximately 10% 

of GC, there was a general increase of SL, which was followed by the decrease between 10% of 

GC to approximately 30% of GC. As gait progressed from mid-stance to TS phase, a further 

increase of SL was evident. During the remainder of the stance phase, SL decreased to attain 

the value seen at IC. In the swing phase, little change was evident in SL. It is worth noting that 
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a double-hump pressure profile was observed in all test session. However, the temporal profile 

of the both shear stresses (SC and SL) observed in test Session 4 was different from the ones 

from the other sessions. This may suggest that the residuum was in contact with the PP location 

of the socket, however, the friction behaviour has changed in test Session 4 comparing to the 

other sessions. The change in frictional behaviour could due to several reasons. As an example, 

when the coefficient of friction decreases at the interface, a reduction of shear stress may occur 

with the same magnitude of pressure, which may explain the reduction in the magnitude of SL 

at PP in test Session 4. In addition, if relative motion e.g. pistoning motion or slip, occur 

between the residuum and the socket, shear force may not be transferred to the sensor unit. 

Pressure (Figure 6.20a) revealed a double-hump profile during stance phase. At IC, a pressure 

value of approximately was measured and this increased to a peak value of up to 33kPa at 

approximately 15% of GC. There was a subsequent decrease of pressure to 30% as gait 

progressed to the mid-stance phase. Pressure further increased from mid-stance to TS with 

peak value of up to 30kPa. For the remainder of the GC, during data collection 1, 2 and 3, 

pressure decreased and was restored to the value seen at IC. However, in test Session 4, the 

value of pressure reached 4kPa which was lower than the one at IC. In swing phase, an increase 

in pressure of up to 5kPa was evident. This difference observed in the temporal profile could 

be potential resulted from the lack of contact at AP location during TS phase. The lack of contact 

in TS may to the reduction in the proprioception of the limb. This further explains the 

subsequent increase of pressure in swing phase as the muscle could be activated to regain the 

control of the socket. 
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Figure 6.20: (a) Pressure, (b) SC and (c) SL measured at AP location of the residuum, over a GC, across four data 
collection sessions 

It is first worth noting that the response in test Session 3 was clearly different to the other with 

a very small SC (Figure 6.20b) of less than 1kPa. By contrast, a double-hump profile was clearly 

observed in test Session 1, 2 and 4. Therefore, it is evident that higher pressure may not lead 

to a corresponding higher shear stress, as other factors such as interface friction may play a 

critical role in the mechanical behaviour of shear stress. Similar to the SC observed at PP location, 

SC at AP decreased from IC to a negative peak of up to -5kPa during 10-20% of GC. It was then 

recovered to approximately 30% of GC. As gait progressed from mid-stance to TS phase, SC 

further decreased to up to -3kPa. During the remainder of the stance phase, it increased until 

it eventually was restored to the value seen at IC. In addition, during swing phase, SC revealed 

negligible change (less than 1kPa). During the first three test sessions, SL (Figure 6.20c ) values 

of up to -2kPa of SL were measured. While in the last data collection, SL values of up to +2kPa 

of SL were measured at IC, with negligible change over the GC. 

It is worth noting here the abnormal sensor outputs were observed in Session 3 as the 

participant reported after Session 3 that the AD sensor location was particular sensitive to 

loading due to the presence of the nerve endings. Thus, this may cause abnormal muscle 
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contraction locally. Thus, only results obtained session 1-3 was included and discussed as 

shown in Figure 6.21.  

In session 1, 2 and 4, a double-hump profile for pressure was measured at AD location (Figure 

6.21a). By contrast, in test Session 3, during TS phase (55% of GC), an abrupt increase of 

pressure was evident. It is worth noting here that, the abrupt peak observed at 55% of GC can 

be also associated with the verbal confirmation from the participant. The participant reported 

that the anterior-distal aspect of the femur was in contact with the socket when initiating the 

swing phase. In addition, according the participant, this location is also sensitive to loading due 

to the presence of the nerve endings. Intra-session differences were noted with a pressure 

value of approximately 25kPa at IC for session 4, with a corresponding value of approximately 

9kPa of pressure obtained in test Session 1, 2 and 3. 

In session 1, 2 and 4, pressure increased to its first peak at approximately 15% of GC. It was 

followed by a slight decrease during the transition between 15% of GC to 30% of GC (mid-

stance). It then further increased as gait progressed to the TS phase. Unlike the pressure profile 

observed at PP and AP locations, at TO, pressure at AD was not restored to its value at IC. 

Instead, pressure continued to decrease throughout the swing phase and reached the value 

approximately seen at IC, at 100% of GC. This is likely due to the design of the socket. For a 

supra-condylar suspension socket, the weight of the prosthesis was suspended at the distal end 

of the socket. The presence of pressure during the entire GC may suggest that the residuum 

was always in contact with the socket. This parameter, namely, whether the residuum is always 

making contact with the socket, could be further developed as a clinical parameter for 

monitoring the quality of the suspension during dynamic gait. 
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Figure 6.21: (a) Pressure, (b) SC and (c) SL measured at AD location of the residuum, over a GC, across four data 
collection sessions. 

A double-hump profile in SC (Figure 6.21b) was observed in test Session 1, 2 and 4. In these 

sessions, SC decreased from 0kPa at IC to a negative peak of -11kPa at 15% of GC. Subsequently, 

SC increased and reached approximately -5kPa at 30% of GC. However, in test Session 3, SC 

revealed negligible change from IC to mid-stance phase. After mid-stance phase, in all sessions, 

SC increased and reached the second peak at the TS phase. During the remainder of the GC, SC 

was restored to the value seen at IC. 

A double-hump-profile again evident in test Session 1, 2 and 4 (Figure 6.21c). SL with a well-

defined increase from IC to approximately 15% of GC. Then, the SL decreased from early stance 

phase into mid-stance. During the transition from the mid-stance phase to the TS phase, there 

was an increase in SL, reaching it 2nd peak in stance phase. During the remainder of the stance 

phase, SL was restored to the value seen at IC. It is worth noting that, in session 3, negligible 

changes in SL were observed for most of the stance phase while changes were only evident 

until the TS phase of the GC. In swing phase, negligible change was observed. 

Peak values, in both WA phase and TS phases, for pressure, SC and SL are illustrated in Table 6.2. 
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Figure 6.22: Three component of GRF, obtained across four data collection sessions. 

It is envisaged that the interface kinetics can be directly associated with the load transfer from 

the ground interface, as illustrated Section 2.5.1. GRFs were collected in order to facilitate the 

discussion of the interface kinetics. Figure 6.22 compares GRFs obtained across four test 

sessions. The vertical GRF (Figure 6.22a) showed a typical double-hump profile across all four 

data collection sessions. The anterior-posterior GRF (Figure 6.22b) revealed a peak negative 

force occurring at approximately 15% of GC and a peak positive force at approximately 46% of 

GC. A positive medial-lateral GRF was observed in most of the stance phase with two peaks at 

approximately 20% of GC and 45% of GC. Peak values extracted from the three components of 

GRF were illustrated in Table 6.3.
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Table 6.2: Peak pressure, SC and SL observed as Weight Acceptance (WA) phase and TS phase of the GC, across four sessions. 

Session  

No. 
Pressure (kPa) SC (kPa) SL (kPa) 

 
PP AP AD PP AP AD PP AP AD 

WA TS WA TS WA TS WA TS WA TS WA TS WA TS WA TS WA TS 

1 56 ± 2 52 ± 2 29 ± 1 28 ± 1 28 ± 2 29 ± 1 -4 ± 1 -4 ± 1 -4 ± 0 -3 ± 1 -11 ± 1 -9 ± 1 13 ± 1 10 ± 1 -2 ± 0 -2 ± 0 11 ± 1 10 ± 1 

2 57 ± 2 51 ± 1 30 ± 1 28 ± 0 29 ± 1 29 ± 0 -5 ± 1 -2 ± 1 -4 ± 1 -3 ± 1 -11 ± 1 -8 ± 1 14 ± 1 10 ± 1 -2 ± 0 -3 ± 0 13 ± 1 11 ± 1 

3 57 ± 2 54 ± 1 31 ± 1 31 ± 1 23 ± 2 67 ± 5 -4 ± 1 -2 ± 1 Notea Notea Noteb -28 ± 5 36 ± 1 30 ± 1 Notec Notec Noted Noted 

4 46 ± 1 45 ± 1 25 ± 0 22 ± 1 52 ± 2 51 ± 2 Notee -3 ± 1 -5 ± 2 -3 ± 1 -8 ± 1 -5 ± 1 Notef Notef Noteg Noteg 12 ± 1 11 ± 1 

Note: 

aNegligible change in SC at AP location of the residuum was observed, during session 3, therefore, no clear peak at WA and TS was observed. 
bNegligible change in SC at AP location of the residuum at WA, during session 3. 
cNegligible change in SC at AP location of the residuum was observed, during session 4, therefore, no clear peak at WA and TS was observed. 
dNo double-hump profile was observed in SL at AD location, during session 3. Instead, SL only showed an abrupt change from -5kPa to 5kPa during 50%-60% of GC. 
eNo clear SC peak at WA were observed, during session 4, at AP location. 
fNo double-hump profile was observed in SL at PP location, during session 4. 
gNo double-hump profile was observed in SL at AP location, during session 4. 

Table 6.3: Peak values obtained from three component of GRF at WA and TS phase of GC. 

Session  

No. 
Anterior-Posterior GRF (N) Medial-Lateral GRF (N) Vertical GRF (N) 

 WA TS WA TS WA TS 

1 -105 ± 12 +133 ± 7 47 ± 9 42 ± 8 878 ± 34 825 ± 27 

2 -136 ± 8 +119 ± 8 37 ± 3 33 ± 8 956 ± 39 826 ± 6 

3 -114 ± 8 +114 ± 8 43 ± 9 42 ± 8 840 ± 40 810 ± 25 

4 -102 ± 8 +110 ± 6 49 ± 10 48 ± 6 841 ± 30 825 ± 16 
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Intra-session repeatability of the stress measurement 

Intra-session SD reveals a value in the range of 0-2kPa for the three parameters, pressure, SC 

and SL for each of three locations of the residuum. However, higher SD values of up to 5kPa 

were evident in pressure and SC for Session 3. These findings should be compared to the 

variability reported in the previous studies, namely a SD for pressure measurements of 

between 20kPa [247]-194kPa [9]. With regards to the interfacial shear a SD of up to 35kPa [203] 

has been reported. It is evident that the present intra-session repeatability with the tri-axial 

sensors represents a significant improvement to those previously used. However, some caution 

is needed as it is often difficult to directly compare data on intra-session repeatability when 

using different measurement devices, test protocols and investigators. 

It is worth noting that the intra-session repeatability presented in this study was based on the 

stress measurement collected over a period of one hour. Future work may need to evaluate 

the stress variation during the course of a day without doffing the socket. It is estimated that, 

a greater SD value, due the change in socket fit, may be expected when evaluating the data 

collected during the course of a day. Therefore, one could envisage that the change in SD value, 

for example, measured in hourly base, can be used as one of control criteria for a shape-

adaptive socket, maintain the optimum fit for the socket.  

Inter-session repeatability of the stresses measurement 

It was important to investigate further the inter-session repeatability of pressure and shear 

measurement. Two scenarios were chosen, a relatively short-term test and a long-term test. 

When comparing the values obtained from test Session 1 and Session 2 (3 days apart), both 

pressure and shear showed a double-hump waveform (Figure 6.19-Figure 6.21), suggesting a 

high degree of waveform repeatability. In terms of peak values obtained at WA and TS (Table 

6.3), up to 1kPa and 2kPa difference was found in pressure and shear measurement between 

the two sessions, respectively. There is no statistical difference (p>0.05) found the in the 

pressure and shear obtained in the test Session 1 and Session 2. This suggested a reasonable 

degree of repeatability. It is worth noting that, for test Session 1 and Session 2, the starting 

time of the two data collections was approximately 11:00 a.m. In addition, the participant 

ensured that he had undertaken no intensive activities prior to the test session. This suggested 

that the residual limb volume and residuum/socket interface may have remained relatively 

stable between test sessions. The similar test and interface condition as explained above may 

contributed the good repeatability in measured pressure and shear obtained during the two 

sessions. 
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The long-term inter-session repeatability was assessed by using the pressure and shear 

measurements obtained with 49 days apart (the 2nd and the 3rd Session). The two sets of the 

measurements are approximately two months apart. When comparing these measurements, 

there were little difference in the peak pressure at PP and AP, with values of up to 3kPa at WA 

and TS phase. However, a higher pressure value (67kPa) was obtained at the AD location during 

TS in the latter session, compared with 29kPa measured in the former session. In terms of SC 

measured between the two sessions, similar peak values and waveform were observed at the 

PP location. However, negligible change of SC (up to -1kPa) as found at AP location in the latter 

session, comparing to the former session. At AD location, higher SC (-28kPa) were obtained at 

TS phase in the latter session, in comparison to the former session (-8kPa).  

There were clear differences (p=0.00) between the SL measured at the PP location, with values 

of 15kPa and 2kPa obtained at IC. The difference presented at IC could resulted from the effect 

of donning and doffing of the socket. As mentioned in the previous section, up to 8kPa of SL 

difference was observed due to doffing and donning of the socket. Furthermore, although both 

of the test session was conducted at similar time of the day, the residuum volume may be 

different on the two testing days. At the AD location, in the former session, a double-hump 

profile was evident, while the SL only began to change just before the TO with no double-hump 

profile presented. 

It is clear that there are marked differences in both waveform patterns and peak values for 

pressure and shear across 49 days. A similar observation was reported by Sanders et al. [190] 

whereby no significant change of interface stresses was reported diurnally. However, 

difference of up to approximately 1.6 times those of diurnal changes in pressure and shear 

values were reported when compared with pressure and shear values measured over the 20-

week interval. The large variation could be caused by various factors, notably the variation in 

residuum volume, gait patterns and prosthetic alignment (Section 2.5.3) etc. Thus, for future 

applications, it would be advantageous to undertake interface stresses evaluations on the same 

day if different socket fitting or socket types needs to be compared and/or evaluated for a 

particular amputee.  

In this study, interface stress obtained a short-term period and a long term were analysed on a 

single participant. Future work is needed to investigate the repeatability on a large cohort of 

participants and across a longer period of time. The investigation of the change in interfacial 

stress in both short-term and long-term intervals could potentially help to determine whether 
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an intervention is need at certain time of the year. This could also assist clinicians to predict 

lifetime of the socket i.e. when a new socket might need to be fitted. 

Interface kinetics 

Interface stresses at PP and AP locations follow similar profile of the corresponding vertical GRF. 

The timing of the two pressure peaks aligns well with the peaks observed in the vertical GRF 

(WA peak at 15%, TS peak at 45%, approximately). Pressure values of up to 57kPa were 

measured at PP location and pressure values of 31kPa were obtained at AP location. These 

peak pressure values obtained at PP and AP locations match well with those reported by Lee et 

al [194] on two trans-femoral amputees. In their study, at seven out of eight sites of the 

residuum, less than 60kPa of pressure were reported at PP location. Similarly, the highest 

pressure was measured at PP location of the residuum on the knee-disarticulation participant. 

Higher pressure values at PP location as compared with pressure at AP location in stance phase 

aligns with the conceptualised estimation of residuum movement relative to socket proposed 

by Hughes [192]. Hughes et al. proposed that, hip extensor moment would dominant the early 

stance phase to stabilise the prosthetic limb. This corresponds to the gluteus maximus muscle 

activation at posterior-proximal region of the thigh. This could further lead to the increase in 

pressure at PP location. At the AD location, pressure values of up to 67kPa were measured, 

significantly higher than the values (20-30kPa) recorded by Lee et al. This could potentially 

explain the stress concentrations at the AD location of the residuum on the knee-disarticulation 

amputee, resulting from the presence of prominences like LFE and MFE. 

Negative SC, in the both absolute value and the direction of change, were measured at all three 

locations of the residuum. According to Figure 6.5, a negative change in SC, at PP location, can 

then be translated as a circumferential shear stress acting medially to the residuum tissue. 

However, a negative change in SC, at AP and AD locations, is equivalent to circumferential shear 

stress acting laterally to the residuum tissue. Accordingly, the lateral force at anterior location 

and the medial force at posterior location could create a torque which rotates the residuum in 

the clockwise direction, relative to the socket. It is also worth noting that, a medial directed 

GRF was observed at ground interface. In theory, this medial directed GRF will be further 

transferred from the ground to the bottom of the socket, resulting in the circumferential shear 

stress acting laterally to residuum. This mechanism aligns with the direction of the 

circumferential shear stress (pointing laterally) observed at AP location, although it is not 

consistent with the SC direction, namely pointing medially, at the PP location. This suggests that 

the stresses acting at the residuum/socket interface behaved in a more complex than predicted 
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by conventional theory. The conventional theory involves the calculation of loads transferred 

to the distal socket without taking the residuum muscle activation and socket designs etc. 

Positive SL values with double-hump profiles were observed at both PP and AD location in three 

out of four sessions. The positive SL, in the stance phase, suggested that the longitudinal shear 

stress acted proximally to the residuum tissue. In effect, the residuum was moving distally 

relative to the socket. This could explain by the increase of vertical GRF at WA and TS phase of 

the GC, pushing the socket in the proximal direction, in relation of the residuum. 

In this section, the repeatability of interface kinetics was assessed by performing walking test 

on level surface with controlled cadence. In the next section, the interface kinetics will be 

assessed by walking on level surface with different walking speed.  

6.2.3 Walking at different speeds 

As reviewed in Section 2.5.3, by walking at different speed, the load transfer mechanism 

through the prosthetic limb may be altered, which may result in the change in interface kinetics. 

This section presents the results obtained from the activity A5, the detailed protocol of A5 can 

be found in Section 6.1.2. 

Walking speed obtained in the two sessions 

Two sessions were carried out to investigate the effect of walking speed on the 

residuum/socket interface kinematics. Figure 6.23 shows the walking speed obtained in the 

two sessions. Walking speed of up to 1.20±0.03m/s, 1.40±0.01m/s and 1.65±0.03m/s were 

obtained when walking cadence is controlled at 80BPM, 100BPM and 120BPM, respectively. It 

is also worth noting that when comparing each of the two walking speeds, the difference 

obtained in the two walking speeds are statistically significant (all p=0.00). 

 

Figure 6.23: Mean and one SD of the three different walking speeds obtained in Session 1 and Session 2, when 
investigating the residuum/socket interface kinetics. 
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GRF 

With regards to the vertical GRF (Figure 6.24a and Figure 6.25a), higher WA peak (p=0.00) was 

measured when walking at self-selected speed in Session 1, compared with the values in 

Session 2 (Table 6.4). However, no statistical difference (p>0.05) was found in WA peak when 

walking at slow and fast speed, between the two sessions. The increase in walking resulted in 

no significant (p>0.05) change in WA peak of vertical GRF in Session 1. In Session 2, a decreased 

WA peak of vertical GRF (p=0.00) was evident when walking at slow speed, compared with the 

value at self-selected speed. No significant difference (p>0.05) was found in WA peak of vertical 

GRF when walking at fast speed, compared with the value at self-selected speed. Therefore, 

the increase in walking speed resulted little change in the WA peak of vertical GRF, with the 

exception of the value obtained in Session 2 when walking at slow and self-selected speed. This 

finding is not consistent with the study conducted on both able-bodied group [248] and 

amputee group [249], as the WA peak of vertical GRF increase linearly with walking speed. This 

is likely attributed from the little change in the body centre of mass acceleration at WA.  

Peak values at mid-stance and TS phase reveal no statistical difference (p>0.05) in both sessions, 

regardless of walking speed. However, the increase in walking speed resulted in an increase (all 

p=0.00) in mid-stance peak of vertical GRF, in both sessions. This is likely due to a more rapid 

deceleration of body centre of mass as walking speed increase in mid-stance. In addition, higher 

TS peak (p=0.00) was measured in vertical GRF when walking at self-selected speed, compared 

with the value at slow speed, in both sessions. Whereas no significant difference (all p>0.05) 

was revealed in TS peak of vertical GRF when walking at fast speed, comparing to the value at 

self-selected speed, in both sessions. It is worth noting, the timings at which mid-stance and TS 

peak occur were delayed, as walking speed increases. 
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Figure 6.24: (a) vertical component, (b) medial – lateral component and (c) anterior – posterior component of GRF 
measured in session 1, over a GC, when walking at slow, self-selected and fast walking speed. 

 

Figure 6.25: (a) vertical component, (b) medial – lateral component and (c) anterior – posterior component of GRF 
measured in session 2, over a GC, when walking at slow, self-selected and fast walking speed. 
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There is no consistent trend in the medial-lateral GRF. This may be explained by the lack of 

medial-lateral stability for the knee disarticulation participant. In addition, there was no feature 

designed on the socket to control the medial-lateral stability. 

With regards to the anterior-posterior GRF, no significant difference (p>0.05) was found in peak 

braking force when walking at slow and fast speed. However, when walking at self-selected 

speed, a greater braking force (p=0.00) was measured in Session 2, compared with the value in 

Session 1. There is no consistent trend observed in peak braking force, with the increase in 

walking speed. With regards to the peak propulsive force, the increase in walking speed 

resulted in the increase in a greater propulsive force in both sessions (all p<0.05). This is 

consistent with the previous study [249] and may be associated with a greater anterior-

posterior acceleration of the foot. 

At mid-stance phase, as shown in Table 6.4, the increase in walking speed led to the decrease 

of vertical GRF (23% in both sessions). In addition, the timing, at which the mid-stance peak 

occurred, shifted to a later phase of the GC (5% in both session). This could possibly explain the 

decrease of pressure at PP and AP location at mid-stance and timing shift towards later phase 

of GC.  

At TS phase of GC, as shown in Table 6.4, the increase in walking speed led to the shift (up to 

6% of GC) of the timing at which TS peak of vertical GRF occur. This could potentially explain 

the delayed peak at TS, observed in SL measurement at PP and AD location. 

Temporal profile of the interfacial stress 

Double-hump profiles were observed in pressure, SC and SL in both sessions (Figure 6.26 and 

Figure 6.27). As shown in Figure 6.26a and Figure 6.27a, pressure values increased from 

approximately 20kPa (at IC) to a WA peak at 10-20% of GC. This was followed by a decrease of 

pressure, reaching a local minimum value at mid-stance phase. During the transition to TS, 

pressure further increased, reaching the second peak at TS. During the remainder of the GC, 

pressure decreased to be restored to the value measured at IC.  



Chapter 6 Interface stresses of the lower limb residuum 

 

244 | P a g e  
 

 

Figure 6.26: (a) Pressure, (b) SC and (c) SL measured at PP location of the residuum in session 1, over a GC, when 
walking at slow, self-selected and fast walking speed. 

 

Figure 6.27: (a) Pressure, (b) SC and (c) SL measured at PP location of the residuum in session 2, over a GC, when 
walking at slow, self-selected and fast walking speed. 
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From IC to approximately 16% of GC (WA), SC decreased to a peak negative value (Figure 6.26b 

and Figure 6.27b). SC then increased, reaching a local maximum at mid-stance phase. 

Subsequently there was an increase of SC until TO. In swing phase, SC stabilised reaching the 

value measured at IC.  

SL increased from IC to approximately 13% of GC, reaching its WA peak (Figure 6.26c and Figure 

6.27c). This was followed by a decrease in SL in mid-stance phase, reaching a local minimum 

value. After mid-stance, it further increased until TS phase. During the remainder of the stance 

phase, SL decreased and was restored to the value measured at IC. In swing phase, a change in 

SL of approximately 1kPa was measured in Session 2. It is worth noting during the swing phase 

of Session 1, when walking at fast speed, an increase of SL of up to 2kPa was measured. The 

fast walking speed could result in a greater inertial force, pulling the prosthesis away from the 

residuum. This may influence the proprioception of the prosthetic limb and could potentially 

lead to an unstable IC for the next GC. In order to counter act this tensile force, muscle may be 

fired in order to pull the prosthesis back. However, little difference was found in the hip power 

generation in swing phase obtained from gait analysis study (Figure 4.9) when walking at three 

different speeds. By contrast, axial length (Figure 5.29) showed a greater recovering trend in 

both magnitude and rate when walking at fast walking speed, compared with the ones obtained 

with normal and slow walking speeds. This shows that the two techniques force the evaluation 

of interface kinematics and kinetics have the potential to offer a more localised mechanics 

comparing to conventional gait analysis technique. 

Double-hump profiles were only evident in pressure in both sessions (Figure 6.28 and Figure 

6.29). pressure increases from IC to approximately 17% of GC, reaching its WA peak (Figure 

6.28a). This was followed by a decrease to mid-stance phase and subsequent increase in TS 

phase. During the remainder of the GC, pressure decreased and reached the value measured 

at IC. 
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Figure 6.28: (a) Pressure, (b) SC and (c) SL measured at AP location of the residuum in session 1, over a GC, when 
walking at slow, self-selected and fast walking speeds. 

 

Figure 6.29: (a) Pressure, (b) SC and (c) SL measured at AP location of the residuum in session 2, over a GC, when 
walking at slow, self-selected and fast walking speeds. 
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In Session 1, a value of less than 1kPa of SC was measured, while a corresponding value during 

Session 2 was 3kPa (Figure 6.28b and Figure 6.29b). Negligible SL values were measured during 

both sessions (up to 3kPa), as shown in Figure 6.28c and Figure 6.29c. 

Double-hump profiles were evident in most of the pressure, SC and SL measurements, in both 

sessions. Pressure increased from IC to approximately 19% of GC reaching a WA peak (Figure 

6.30a and Figure 6.31a). This was followed by a decrease in its value up to mid-stand phase. A 

further increase in pressure value was evident up to TS phase. From TS phase to TO, pressure 

decreased reaching a value higher than that measured at IC at the end of the stance phase. In 

the swing phase, the pressure value was gradually restored to the value measured at IC. When 

comparing the pressure values measured in the two sessions, higher 2nd peak (TS peak of up to 

15kPa) was measured, compared with the 1st peak (up to 12kPa) in Session 1. By contrast, 

similar 1st and 2nd peak of pressure was measured in Session 2. This is likely due the donning of 

the socket. When distal end of the femur was in appropriate contact of the sensor unit, higher 

pressure value will be obtained during TS because of the presence of the bony prominence. 

The forces experienced at AD location would a result of the combination of vertical and 

anterior-posterior component of GRF. However, when the distal end of the femur was in a 

more distal location compared with the sensor unit, a double-hump profile may occur was it 

resembles more like the vertical components of GRF. This is because of the less contribution of 

the anterior-posterior GRF to the force experienced at AD location. 
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Figure 6.30: (a) Pressure, (b) SC and (c) SL measured at AD location of the residuum in session 1, over a GC, when 
walking at slow, self-selected and fast walking speeds. 

 

Figure 6.31: (a) Pressure, (b) SC and (c) SL measured at AD location of the residuum in session 2, over a GC, when 
walking at slow, self-selected and fast walking speeds. 
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SC decreased from IC to approximately 17% of GC, reaching a WA peak (Figure 6.30b and Figure 

6.31b). Thereafter the two sessions yielded different responses. In Session 1, when walking at 

the slow speed, SC maintained the WA peak during most of the stance phase. By contrast, in 

Session 2, SC increased reaching a local maximum at mid-stance. SC further decreased reaching 

a 2nd peak at TO, in session 1 while, in Session 2, the value of the SC decreased to TS. During the 

swing phase, an increase in SC was evident as its value was restored to the measured at IC.  

In session 1 (Figure 6.30c), a value of up to 2kPa of SL was measured. In session 2 (Figure 6.31c), 

SL increased to approximately 15% of GC, reaching a WA peak. This was followed by a decrease 

of SL to mid-stance. A further increase of SL was evident up to TS, reaching a TS peak. 

Subsequently, SL decreased during the remainder of stance phase, reaching the value measured 

at IC. During the swing phase, fluctuation of SL of up to 1kPa was evident. 

Effect of walking speed on WA peak 

During the WA phase, no significant change in peak pressure value was measured at the PP 

location with an increase in walking speed (Table 6.5), in session 1. By contrast, in session 2, 

the increase in walking speed resulted in an increase in peak pressure at the PP location (up to 

7%), with a corresponding timing shift to an earlier phase the GC (up to 3% of GC). No consistent 

trends were observed in pressure at AP and AD locations due the change in walking speed 

(Table 6.5). With respect to SL, an increase in walking speed resulted in an increase in the WA 

peak at PP (up 17%) and AD locations (up to 33%) in session 2, as shown in Table 6.5. No clear 

WA peaks were observed at the AP location. 

Effect of walking speed on the mid-stance valley 

At mid-stance, the increase in walking speed resulted in a decrease in pressure values at both 

PP (19% in Session 1 and 13% in Session 2) and AP (11% in Session 1 and 12% in Session 2) 

locations. The corresponding timings at which mid-stance peak occurred was delayed by up to 

7% (session 1) and 8% (session 2), at both locations. No conclusive trend was observed in 

pressure at the AD location due to the increase in walking speed, in terms of either magnitude 

or timing of the events. Similarly, no consistent trend was observed with SC at each location, as 

shown in Table 6.6. When compared to the peak SL at mid-stance phase, the increase in walking 

speed resulted in its decrease of SL at PP (up to 20% in Session 1 and up to 33% in Session 2) 

and AD (approximately 33% in Session 2) locations, as shown in Table 6.6. The timing at which 

the mid-stance peak occurred was delayed to values of approximately 5% at the PP location in 

both sessions and 7% at the AD location in Session 2. 
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Effect of walking speed on TS peak 

During TS phase of the GC, no consistent trend was observed in pressure at both PP and AP 

locations when walking speed was increased. However, the timing of the events was delayed 

to a later phase of GC (up to 4% at the PP location and up to 6% at AP location, respectively). 

The increase in walking speed resulted in minimal effects on pressure at AD location (Table 6.7). 

In a similar manner, there was no consistent trend observed in SC at TS when the walking speed 

was increased. With respect to SL measured at each location, in session 2, an increase in walking 

speed resulted in minimal changes (Table 6.7). However, the timing at which the TS peak 

occurred was delayed to a later phase of GC (up to 5% at PP location and up to 3% at AD 

location). 
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Table 6.4: Magnitude and timings of peak GRF obtained at WA, mid-stance and TS phase of the GC, when walking at slow, self-selected and fast walking speeds, across two sessions 

Session  

No. 

 Vertical GRF Medial-Lateral GRF Anterior-Posterior GRF 

 WA Mid-stance TS WA Mid-stance TS WA TS 

Se
ss

io
n

 1
 Slow 866 ± 27 15 620 ± 16 28 782 ± 15 41 49 ± 13 19 39 ± 8 32 51 ± 8 42 -116 ± 8 15 +113 ± 10 48 

Self-selected 877 ± 35 15 545 ± 24 31 826 ± 26 44 46 ± 10  20 32 ± 7 32 42 ± 8 43 -105 ± 12 8 +133 ± 6 47 

Fast 909 ± 25 15 477 ± 22 33 826 ± 39 45 45 ± 9 20 31 ± 6 32 37 ± 9 42 -120 ± 15 9 +150 ± 13 47 

Se
ss

io
n

 2
 Slow 882 ± 11 15 610 ± 22 27 785 ± 7 39 48 ± 12 19 36 ± 12 35 44 ± 10 42 -122 ± 4 14 +114 ± 7 49 

Self-selected 934 ± 10 14 536 ± 9 30 829 ± 5 44 38 ± 3 20 26 ± 4 31 41 ± 6 45 -133 ± 8 9 +122 ± 5 48 

Fast 945 ± 45 14  468 ± 8 32 833 ± 14 45 55 ± 7 19 38 ± 6 31 43 ± 7 43 -126 ± 13 9 +144 ± 9 47 
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Table 6.5: Magnitude and timings of pressure, SC and SL obtained at WA phase of the GC, when walking at slow, self-selected and fast walking speeds, across two sessions. 

  Pressure SC SL 

  PP AP AD PP AP AD PP AP AD 

 
Speed 

Pressure  

(kPa) 
% of GC 

Pressure  

(kPa) 
% of GC 

Pressure  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SL 

(kPa) 

% of 

GC 

SL 

 (kPa) 

% of 

GC 

SL 

 (kPa) 

% of 

GC 

Se
ss

io
n

 1
 

Slow 53 ± 1  17 31 ± 1 18 12 ± 1 16 -6 ± 1 14 

Notea 

Noteb 
16 ± 

1 
12 

Notec Noted 
Self-

selected 
51 ± 2 16 31 ± 1 18 11 ± 1 16 -7 ± 1 13 -3 ± 1 17 

16 ± 

1 
12 

Fast 51 ± 1 16 31 ± 1 17 10 ± 1 16 -6 ± 1 13 -4 ± 1 12 
18 ± 

1 
12 

Se
ss

io
n

 2
 

Slow 54 ± 1 17 29 ± 1 18 29 ± 1 19 -4 ± 1 13 -3 ± 1 10 -11 ± 2 17 
12 ± 

1 
13 

Notec 

10 ± 

1 
16 

Self-

selected 
56 ± 1 15 29 ± 1 18 28 ± 2 19 -4 ± 1 12 -4 ± 1 10 -11 ± 1 16 

13 ± 

1 
12 

11 ± 

1 
15 

Fast 58 ± 2 14 30 ± 1 16 28 ± 2 17 -5 ± 1 11 -4 ± 1 7 -11 ± 1 16 
14 ± 

1 
10 

13 ± 

1 
14 

 

Note: 

aThe SC at AP location showed less than 1kPa of change in session 1. 
bNo double-hump profile was observed on the SC measurement at AD location in session 1. 
cThe SL at AP location showed less than 2kPa of change in session 1 and 2. 
dThe SL at AD location showed less than 2kPa of change in session 1. 
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Table 6.6: Magnitude and timings of pressure, SC and SL obtained at mid-stance phase of the GC, when walking at slow, self-selected and fast walking speeds, 

across two sessions. 

  Pressure SC SL 

  PP AP AD PP AP AD PP AP AD 

 
Speed 

Pressure 

(kPa) 
% of GC 

Pressure 

(kPa) 
% of GC 

Pressure  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SL 

(kPa) 

% of 

GC 

SL 

 (kPa) 

% of 

GC 

SL 

 (kPa) 

% of 

GC 

Se
ss

io
n

 1
 

Slow 47 ± 1 28 28 ± 1 28 11 ± 1 23 -3 ± 1 28  

Notea 

-11 ± 1 17 
10 ± 

1 
27 

Noteb Notec Self-

selected 
43 ± 1 33 26 ± 1 33 9 ± 1 29 -3 ± 1 32 -11 ± 1 16 9 ± 1 32 

Fast 38 ± 1 35 25 ± 1 36 9 ± 1 30 -2 ± 1 34 -11 ± 1 15 8 ± 1 33 

Se
ss

io
n

 2
 

Slow 46 ± 1 28 26 ± 1 30 25 ± 1 31 -2 ± 1 29 -2 ± 1 
29 

-7 ± 1 28 6 ± 1 26 

Noteb 

28 ± 

1 
26  

Self-

selected 
43 ± 1 34 24 ± 1 32 24 ± 1 32 -2 ± 1 31 -2 ± 1 30 -6 ± 1 31 6 ± 1 30 

34 ± 

1 
24  

Fast 40 ± 1 35 23 ± 1 36 23 ± 1 35 -1 ± 1 33 -2 ± 1 32 -4 ± 1 33 4 ± 1 31 
33 ± 

1 
23  

 

Note: 

aThe SC at AP location showed less than 1kPa of change in session 1. 
bThe SL at AP location showed less than 2kPa of change in session 1 and 2. 
cThe SL at AD location showed less than 2kPa of change in session 1. 
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Table 6.7: Magnitude and timings of pressure, SC and SL obtained at TS phase of the GC, when walking at slow, self-selected and fast walking speeds, across two sessions. 

  Pressure SC SL 

  PP AP AD PP AP AD PP AP AD 

 
Speed 

Pressure  

(kPa) 
% of GC 

Pressure  

(kPa) 
% of GC 

Pressure  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SC  

(kPa) 
% of GC 

SL 

(kPa) 

% of 

GC 

SL 

 (kPa) 

% of 

GC 

SL 

 (kPa) 

% of 

GC 

Se
ss

io
n

 1
 

Slow 53 ± 1 42 31 ± 1 41 15 ± 1 47 -5 ± 1 39 

Notea 

Noteb 
12 ± 

1  
40 

Notec Noted 
Self-

selected 
53 ± 1  45 31 ± 1 45 16 ± 1  48 -5 ± 1 42 -6 ± 1  58 

14 ± 

1 
43 

Fast 48 ± 1 46 30 ± 1 47 13 ± 1 49 -4 ± 1 43 -7 ± 1 59 
14 ± 

1 
45 

Se
ss

io
n

 2
 

Slow 51 ± 1 43 29 ± 1 41 28 ± 1 47 -2 ± 1 40 -2 ± 1 37 -8 ± 1 46 9 ± 1 42 

Notec 

10 ± 

1 
41 

Self-

selected 
52 ± 1 44 28 ± 1 45 28 ± 1 48 -2 ± 1 42 -3 ± 1 40 -9 ± 1 47 10 ± 1 44 

10 ± 

1 
44 

Fast 51 ± 0  46 28 ± 1 46 29 ± 1 47 -2 ± 1 41 -3 ± 1 44 -10 ± 1 48 
10 ± 

1 
45 

11 ± 

0 
43 

Note: 

aThe SC at AP location showed less than 1kPa of change in session 1. 
bNo double-hump profile was observed on the SC measurement at AD location in session 1. 
cThe SL at AP location showed less than 2kPa of change in session 1 and 2. 
dThe SL at AD location showed less than 2kPa of change in session 1 
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6.2.4 Walking on different terrains 

As mentioned in Section 2.5.3, one of the key parameter that affects the load transfer through 

prosthesis is the terrain. As an example, for trans-femoral or knee disarticulation amputee, little 

knee flexion motion was observed to prevent buckling in stance phase (Section 4.2.3), which 

may significantly affect the kinetics at the socket interface. This section presents the results 

obtained from the activity A6, the detailed protocol of A6 can be found in Section 6.1.2.  

 

Figure 6.32: (a) Vertical, (b) anterior - posterior and (c) medial-lateral component of GRF, over a GC. 

Vertical, anterior-posterior and medial–lateral component of GRF, as a function of GC, obtained 

when walking on different terrains are shown in Figure 6.32. Vertical component of GRF (Figure 

6.32a) shows typical double-hump shaped profiles with mean peak forces of approximately 

840N, 837N and 814N in early stance phase (10-20% of GC), and 814N, 754N and 781N in TS 

(40-60% of GC) during level, descent and ascent walking, respectively. It is worth noting that 

the obtained GRF on level surface is equivalent to 105% of BW and is consistent with previous 

study [250]. 

Anterior-posterior component of GRF (Figure 6.32b) shows mean peak forces of approximately 

-115N, -145N and -66N in early stance phase, and +115N, +77N and +169N in the TS during 
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level, descent and ascent walking, respectively. It is evident that the GRF from ramp descent 

(Figure 6.32b) shows the greater anterior-posterior braking force FX in early stance phase (10-

20% of GC) when compared to that for level walking. This may be associated with the need of 

a greater braking force to oppose the component of the body weight acting down the slope. 

By contrast, GRF results obtained from ramp ascending (Figure 6.32b) reveals greater 

propulsive force in the anterior-posterior direction at TS when compared to that from level 

waking. This may be associated with the demands of a greater propulsive force to oppose the 

component of the body weight acting down the slope. 

Medial-lateral component of GRF (Figure 6.32c) shows that mean peak forces of +42N, +40N 

and +37N during level, descent and ascent walking, respectively. This suggests that a medial 

force was acting on the foot during the stance phase (Figure 6.32c). 

pressure showed a double-hump profile with the early stance peak values of approximately 

32kPa, 32kPa and 33kPa, with TS peak values of 30kPa, 29kPa and 36kPa for level, descent and 

ascent walking (Figure 6.33a), respectively. The corresponding values for SC (Figure 6.33b) and 

SL (Figure 6.33c) were minimal with less than 2kPa across all terrains. 

 

Figure 6.33: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at anterior – proximal (AP) 
location of the residuum on level, ascent and descent surfaces, over a GC. 
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Figure 6.34: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at posterior – proximal (PP) 
location of the residuum on level, ascent and descent surfaces, over a GC. 

At the PP location, Figure 6.34a shows a typical double-hump shape for pressure in stance 

phase. At IC, up to 25±2kPa, 21±2kPa and 30±2kPa of pressure were measured when walking 

on level, descending and ascending surfaces, respectively. This may be associated with the 

direction of the GRF vector in relation of the position of the prosthetic knee joint centre. The 

GRF vector passed anteriorly in relation of the prosthetic knee joint centre. This resulted in a 

higher bending moment on the socket (Figure 4.15) at knee joint level, when walking on 

ascending ramp, compared with the value on level surface. This means higher load could be 

exerted on the PP and AD region of the residuum, compared with the values at AP and 

posterior-distal region. When walking on a descending ramp, a reduction in bending moment 

was evident compared with the value on level surface. Therefore, a reduction in pressure value 

may be evident at PP and AD location. 

In particular, a peak pressure of approximately 56kPa was obtained in early stance phase for all 

tests, but in TS, peak pressure of 53±2kPa, 50±1kPa and 58±1kPa were obtained for level, 

descent and ascent walking, respectively. A decrease in pressure (p=0.00) at TS was measured 



 

258 | P a g e  
 

when walking on the descending surface whereas an increase in pressure (p=0.00) was evident 

when walking on ascending surface, compared with the value obtained on level surface. 

Two +SL peaks in Figure 6.34c also showed a double-hump profile during stance phase, with 

peak values in the early stance of 36kPa, 33kPa and 37kPa and peak values in the TS of 30kPa, 

26kPa and 33kPa for level, descent and ascent walking, respectively. It is also noted the 

pressure, SC and SL at the PP locations are in general are higher than those measured at the AP 

location. It is worth noting that the highest vertical GRF, at both early stance and TS, was 

measured when walking on level surface. However, higher vertical GRF did not correspond well 

with the higher SL. This is likely due to the slip between the residuum and the socket. The 

presence of slip would mean the frictional behaviour has been shifted from the static regime 

to dynamic regime.  

During ramp descent, higher pressure at the PP and AP locations were obtained in early stance 

phase, comparing to that at TS. This finding could be potentially associated with the greater 

braking force observed in anterior-posterior GRF. By contrast, when walking on the ascending 

ramp, higher pressure at the PP and AP locations were obtained at TS. 

At the AD location (Figure 6.35), there was a dramatic change in pressure and shear profiles, 

especially in TS. Peak pressure of approximately 70±6kPa, 55kPa±4kPa and 50kPa±4kPa were 

observed (Figure 5g) during TS for level, descent and ascent walking, respectively. Compared 

with pressure obtained on level surface, a reduction was obtained when walking on both 

descending (p=0.00) and ascending (p=0.01) surfaces. In addition, higher pressure (p=0.01) at 

AD location was measured on ascending ramp, compared with the value measured on 

descending ramp. This matches well with the previous discussion as higher knee joint bending 

flexor moment was evident when walking on the ascending ramp, compared with the value on 

descending ramp. The peak values for SC are approximately -26kPa, -15kPa and -24kPa (Figure 

6.35b), also during TS, while low SL (Figure 6.35c) peak values of -5kPa - 5kPa were measured. 
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Figure 6.35: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at anterior – distal (AD) 
location of the residuum on level, ascent and descent surfaces, over a GC. 

Significant changes in stresses were observed at the AD location of the residuum during the TS 

(Figure 6.35). This can be explained by the fact that the AD location acted like a kick point, as 

the amputee tried to propel the prosthesis forward in preparation for the swing phase. As a 

result, rotation between the residuum and socket could occur during this process. Indeed, an 

SC of up to −26kPa was measured acting laterally on the residuum.  

In this study, the sensitivity of TRIPS sensor system has been evaluated with the effect of terrain 

on a knee-disarticulation socket interface. This preliminary study revealed higher peak pressure 

and shear value when walking on descending ramp in early stance, whereas higher pressure 

and shear was evident in TS when walking on ascending ramp. Both findings could be 

potentially associated with the change in GRF when walking on ramped surfaces. It is well 

known that, when walking on descending ramp, improving stability and safety is one of critical 

criteria for the design of the modern prosthetists. It is envisaged that, the measured stresses 

at residuum/socket interface could be used as indicators to trigger the actuation of the 

prosthetic knee and foot. When the socket fit deviates from the optimum, which will be 
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reflected on the interface stresses, mechanisms in the prosthetic knee and foot can be 

activated to provide more support of the prosthetic limb when walking on descending ramp. 

6.2.5 Walking with different prosthetic ankle settings – hydraulic resistance 

As mentioned in Section 2.5.3, different type of prosthetic foot (a hydraulic ankle versus a fixed 

ankle) has significant impact on the load transfer mechanism on prosthetic limb. However, to-

date, there is no study evaluates the relationship between hydraulic ankle resistance and the 

socket interface kinetics, which could further aid the prosthetic component design. This section 

presents the results obtained from the activity A7, the detailed protocol of A7 can be found in 

Section 6.1.2. 

Regardless of prosthetic ankle setting, up to -141N and +86N of peak braking force and 

propulsive force was obtained (Figure 6.36a), respectively. Peak medial-lateral GRF of up to 52 

± 5N and 44 ± 6N was obtained with brake on and off setting (Figure 6.36b), respectively. It is 

hence evident that a greater medial-lateral GRF was obtained when brake setting was applied, 

comparing to the normal setting. The early stance peak of vertical GRF with two different ankle 

settings showed similar values (approximately 904N, Figure 6.36c). However, a significant 

reduction (p<0.05) in TS peak of vertical GRF was observed when brake setting was applied 

(708N), comparing to the value obtained with normal foot setting (795N).  

 

Figure 6.36: (a) Vertical, (b) anterior - posterior and (c) medial-lateral component of GRF obtained when walking on 
descending ramp, over a GC. 
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pressure (Figure 6.37a), SC (Figure 6.37b) and SL (Figure 6.37c) at PP location showed double-

hump temporal profile. Regarding to the pressure obtained at PP, at TS phase, up to 49 ± 1kPa 

and 53 ± 1kPa was obtained with brake and normal setting, respectively. Peak SC of up to 6 ± 

1kPa and 7 ± 1kPa was obtained with brake and normal setting, respectively. In addition, peak 

SL of up to 8 ± 1kPa and 13 ± 1kPa was obtained at TS phase with brake setting and normal 

setting, respectively. All three components of stress showed reduction in peak values when 

brake setting was applied, comparing to normal ankle setting. This could result from the 

reduction in peak vertical GRF in TS phase. 

 

Figure 6.37: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at posterior – proximal (PP) 
location of the residuum on descending surface, over a GC. 

In early stance phase, pressure showed similar values (approximately 28kPa, Figure 6.38a), 

regardless of the ankle settings. In TS phase, up to 28 ± 1 kPa and 26 ± 1 kPa of pressure was 

obtained when brake and normal setting was applied. Up to 3 and 2kPa of shear stresses (Figure 

6.38b and Figure 6.38c) was obtained in circumferential and longitudinal direction, respectively. 

In general, stresses in all three directions, at AP location, showed lower values comparing to 

the values obtained at PP location. 
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Figure 6.38: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at anterior – proximal (AP) 
location of the residuum on descending surface, over a GC. 

When analyse the biomechanics at the two proximal regions, higher pressure was obtained as 

PP location, comparing to AP location. This finding is consistent with previous results (Section 

6.2.4). The application of brake setting has led to a reduction in pressure, SC and SL at proximal 

regions, with an exception of SL at AP location (up to 1kPa of increase). 

Double-hump temporal profile is not evident on the stresses obtained at AD location (Figure 

6.39). Instead, pressure did not decrease to the value obtained at IC until the end of the GC, 

suggesting AD location of the residuum was always in contact with the socket (Figure 6.39a). 

The application of brake setting has led to the increase of 4kPa, 1kPa and 1kPa of increase in 

pressure, SC and SL in early stance phase, comparing to the value obtained with normal ankle 

setting (Figure 6.39). This increase of AD stress may be associated with the braking effect of 

prosthesis, stopping the rapid advancement of the prosthetic against the residuum. 
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Figure 6.39: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at anterior – distal (AD) 
location of the residuum on descending surface, over a GC. 

When investigating the pressure at all three locations when brake setting was applied, when 

walking on descending ramp. Compared with the value obtained with normal foot setting, a 

decrease in pressure was evident in early stance phase at distal location, while a reduction in 

pressure was observed at two proximal locations in TS phase. This could be potentially explain 

by the active distal femoral motion against the socket during early stance phase to achieved 

brake. While at the two proximal location, less effort was required to propel the limb in TS 

phase. The largest difference in shear stresses was observed at the PP location, a reduction in 

SL was evident when brake setting was applied, comparing with the value obtained with normal 

setting. This may indicate a more stable residuum in relation to the socket when brake setting 

was applied, comparing that with normal setting. 
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6.3 Interface stresses on the trans-tibial amputees 

As mentioned in Section 2.7.3, the interface stresses for trans-tibial amputees can be 

distinctively different from those from trans-femoral and knee disarticulation amputees. The 

interface biomechanics may be related to the anatomical structure of a trans-tibial residuum, 

which contain more distinct bonny prominences as compared with non-trans-tibial residuum. 

From the prosthesis components aspect, the lack of prosthetic knee is also likely to play a role 

in load transfer profile over the residuum. Thus, the in-situ stresses exerted on a trans-tibial 

residuum during ambulation deserved in-depth studies. 

6.3.1 Level walking activity 

This section presents the level walking results obtained from the activity B1, the detailed 

protocol of B1 can be found in Section 6.1.2. 

Trans-tibial 1 participant 

 Results 

From IC, pressure at patella tendon increased and a peak value was reached at approximately 

45% of GC. It was followed by a sharp decrease (Figure 6.40a) of pressure until approximately 

65% of GC. During the rest of the GC, pressure gradually returned to the value obtained at IC. 

From early to TS, SC of up to 4kPa was measured in all three sessions (Figure 6.40b). There was 

an increase of SC from approximately 55% of GC to 70% of GC. It was followed by a decrease of 

SC until approximately 90% of GC. During the remainder of the GC, SC fluctuated and returned 

to the value measured at IC. From IC to 20% of GC, a decreasing trend of SL was seen at patella 

tendon (Figure 6.40c). It was followed by the sharp increase of SL and a peak positive value was 

reached at approximately 45% of GC. During the rest of the stance phase, SL at patella tendon 

returns to the value see at IC. In swing phase, SL showed little change from 60% to 90% of GC. 

During the rest of the GC, SL increased and reached the value obtained at IC. 



 

265 | P a g e  
 

 

Figure 6.40: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at patella tendon location 
of the residuum from three repeated sessions, over a GC. 

This evident that the temporal profiles of the three components of stress showed repeatable 

patterns, over three data collection sessions. In addition, Table 6.8 lists the peak Pressure and 

shear obtained over a GC, over three sessions. It worth noting that peak Pressure and SL 

decrease, over time (from session 1 to session 3, Table 6.8). Similar SC was obtained over three 

sessions. 

The three components of stress all showed double-hump temporal profiles (Figure 6.41). 

Pressure at distal location showed non-zero values (Figure 6.41a), over the entire GC, 

suggesting the distal region of the residuum was always in contact with the socket. Negative 

medial-lateral SC was obtained in most of the stance phase (Figure 6.41b), suggesting a medial 

directed load was exerted on the distal location of the residuum. As the sensor unit was place 

on the distal region with its orientation slightly tilted towards anterior aspect of the socket, SL 

showed double-hump temporal profile as well. Positive SL (up to 40kPa) was observed during 

most of the stance phase (Figure 6.41c).  



 

266 | P a g e  
 

 

Figure 6.41: (a) Pressure, (b) medial-lateral shear and (c) anterior-posterior shear measured at distal location of the 
residuum from three repeated sessions, over a GC. 

When comparing the value over three repeated sessions, Pressure at distal location showed a 

decreasing trend while SC and SL showed little change over time (Table 6.8). As mentioned 

previously, the Pressure at PTB location showed an increasing trend over time. Combining the 

two finings, it may suggest that the stump was lifted up higher in the socket, resulting in the 

higher pressure at proximal location (PTB) and lower pressure at distal location. 

Double-hump temporal profile was evident on pressure (Figure 6.42a) and SC (Figure 6.42b) at 

SPF location. There was no clear pattern observed in the temporal profile of SL at SPF location. 

pressure profile at SPF location showed a loading delay from 0% to approximately 8% of GC 

(Figure 6.42a). A peak positive value was observed at TS phase.  

Negative SC was observed in most of the stance phase, suggesting loads were exerted towards 

the lateral direction of the SPF location (Figure 6.42b). It is worth noting in Figure 6.42c that 

the greater SD was observed in SL (up to 20kPa) in session 2, over a GC, comparing to the value 

obtained in session 1 (up to 10kPa) and session 3 (up to 5kPa). The temporal profile of SL in 

stance over three sessions was not clear, however, all of them showed an increasing trend from 

70% to the end of the GC. 
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Figure 6.42: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at SPF location of the 
residuum from three repeated sessions, over a GC. 

 Interface kinetics 

pressure at all locations did not start to increase until 5% of GC, suggesting a delay of loading. 

This observation is consistent with the loading delay presented in Figure 2.50 and the amount 

of delay was in the range reported in previous studies (4-12% of GC). The cause of the loading 

delay may be explained by the axial motion of the residuum relative to the socket. To be specific, 

the inertial force experienced in the swing phase can results in the slight detachment of the 

residuum relative to socket, at the distal end. When the foot just start to make contact with 

the ground, vertical load is then transferred to the socket interface to close the gap between 

the residuum and the socket, before making contact with the distal end. 

In stance phase, typical double-hump temporal profile was observed on all components of 

stresses at distal location (Figure 6.41) and pressure and SC at SPF locations (Figure 6.42). 

However, double-hump temporal profile was not evident on the stresses obtained at patella 

tendon  location. Instead, pressure at patella tendon  showed an increasing profile throughout 

the stance phase. This finding was consistent with previous report [9]. There may be two 

reasons associated with this observation. The stress, especially pressure, experienced at a distal 

location may resemble more like the vertical load transferred from the ground interface, 
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resulting in a double-hump profile. With regards to pressure at patella tendon , as outlined by 

Radcliffe, higher pressure is expected at anterior-proximal location (or patella tendon ) and 

posterior-distal location to reduce the effect of buckling. In TS, the activation of the muscle 

work contributes the increase in pressure in TS phase. It is reported that the pressure 

measurement when muscle is fired was almost twice as the value obtained in a relaxed state 

[9]. 

With regards to the SC measured at distal location, negative value (Figure 6.41b) was presented 

in stance phase suggesting a lateral force (Figure 6.7) was exerted on the residuum. This aligns 

well with the medially-directed GRF in stance phase. The medial force, experienced at ground 

interface was subsequently transferred proximally, resulting in a lateral force exerted on the 

residuum tissue, through the socket. Positive SL was measured in stance phase, suggesting the 

residuum was pushed in to the socket. It is also worth noting that, from approximately 70% to 

the end of GC, SL increases, indicating the residuum was gradually pulled back into the socket 

over the swing phase. 

 Intra-session and inter-session repeatability 

Up to 24kPa, 17kPa and 12kPa of one SD values were obtained for pressure measured at patella 

tendon , distal and SPF location, respectively. Up to 1kPa, 17kPa and 4kPa of SD values were 

obtained for SC measured at patella tendon , distal and SPF location, respectively. Up to 8kPa, 

8kPa and 20kPa of SL was obtained at patella tendon , distal and SPF location, respectively. One 

SD values of up to 76kPa was obtained in the resultant peak stress by Sanders et al [203], which 

is significantly higher than the ones obtained in this study. This is likely due stress concentration 

resulted from the rigid strain-gauge based sensor (Section 2.7.1) used in their study. It is worth 

noting that the intra-session repeatability, in terms of SD values, may be dependent on the 

both location of measurement and the component of stress (whether it is pressure, SC or SL). 

This is largely due to the dynamic change in load transfer profile, the anisotropic mechanical 

behaviour of the residuum tissue and the presence of bony prominences. 

Table 6.8: Peak stresses obtained on the trans-tibial amputee from three repeated sessions. 

Session pressure (kPa) SC (kPa) SL (kPa) 

 Patella tendon  Distal SPF patella tendon  Distal SPF patella tendon  Distal SPF 

1 111±14 67±7 87±4 2±1 -35±7 -8±4 16±6 20±5 

No clear peak 2 100±24 70±17 76±12 2±1 -37±17 -18±4 14±8 22±8 

3 86±15 75±10 90±8 3±1 -35±10 -10±4 10±7 21±7 
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Up to 25kPa, 8kPa and 14kPa of change in peak pressure (Table 6.8) was evident between three 

sessions at patella tendon, distal and SPF location, respectively. Minimal change in peak SC was 

observed at patella tendon and distal locations across the three sessions, while up to 10kPa of 

change in peak SC was observed at SPF location. Up to 6kPa change in SL was observed at distal 

location among three sessions. In general, the pressure, SC and SL difference induced from the 

different test sessions were larger than that obtained on the knee-disarticulation amputee 

(Section 6.2.2). 

A decrease and increase of pressure was evident between session 1 and session 3 (p<0.05), at 

patella tendon  and distal location, respectively. This may be explained by the sinking of the 

residuum inside the socket, resulting in higher pressure at a more distal location. The decrease 

of pressure at proximal location (patella tendon) may be explain by the fact that patella tendon 

of residuum may not be in proper contact with patella tendon feature designed on the socket. 

It is worth noting that, no significant change in SC (all p>0.05) was observed at all locations 

between each of the two sessions.  

6.3.2 Walking on different terrains 

As mentioned in Section 2.5.3, one of the key parameter that affects the load transfer through 

prosthesis is the terrain. The change in load transfer mechanism was primarily reflected on the 

knee joint moment, which may directly alter the interface kinetics as it is contained in the 

socket. Further, understanding the joint kinetic when walking on different terrain could also be 

associated with the interface and limb stability, especially when walking on a descending ramp. 

This section presents the results obtained from the activity C1, involving walking on different 

terrains, the detailed protocol of C1 can be found in Section 6.1.2. 

As shown in Figure 6.43a, in the early stance phase (approximately 16%-18% of GC), the 

anterior-posterior component of GRF showed up to -198±11N, -296±11N and -115±10N when 

walking on level, descending and ascending surfaces, respectively. In the TS phase (50-55% of 

GC), anterior-posterior component of GRF of up to 174±7N, 127±10N and 223±19N were 

obtained, when walking on level, ascending and descending surfaces, respectively. It is evident 

that up to 69N of medial-directed force was obtained in early stance phase and this value is 

similar when walking on different terrains Figure 6.43b. In the TS phase, highest medial force 

was obtained walking on the descending ramp (60N±20), this is followed by the value obtained 

when walking on ascending and level surfaces. 
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Figure 6.43: (a) Vertical, (b) anterior - posterior and (c) medial-lateral component of GRF, over a GC. 

In early stance phase, up to 1137±17N, 1292±46N, 1067±30N of vertical GRF were obtained 

when walking on level, ascending and ascending surfaces (Figure 6.43c), respectively. In TS 

phase, vertical component of GRF of up to 1018±25N, 869±18N and 1034±39N were obtained 

when walking on level, descending and ascending surfaces, respectively. 

It is evident that, double hump profile was observed in pressure (Figure 6.44a) and SC (Figure 

6.44b) over a GC. In early stance phase, up to 76kPa, 74kPa and 107kPa were obtained when 

walking on level, descending and ascending surfaces (Figure 6.44a). In TS phase, up to 106kPa, 

76kPa and 122kPa was observed in when walking on level, descending and ascending surface. 

Lower pressure was obtained when walking on descending surface comparing to the value 

obtained during level walking. In contrast, when walking on an ascending surface, higher 

pressure values were obtained comparing the value obtained on level surface. In addition, 

regardless of the terrain, higher pressure was obtained during TS phase than that in the early 

stance phase. Up to 21kPa of SC (Figure 6.44b) was observed at patella tendon location, in early 

stance phase. In the TS phase, up to 25kPa, 29kPa and 19kPa were obtained, when walking on 



 

271 | P a g e  
 

level, descending and ascending surfacesUp to -5kPa and 3kPa of SL were obtained at early 

stance phase and TS (Figure 6.44c), respectively. 

 

Figure 6.44: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at patella tendon location 
of the residuum on level, ascent and descent surfaces, over a GC. 

It is worth noting that, at IC, up to 98kPa, 44kPa and 34kPa were obtained for pressure (Figure 

6.45a), SC (Figure 6.45b) and SL (Figure 6.45c). This may suggest the tight socket fit at distal 

location of the socket. The pressure at distal location (Figure 6.45a), in early stance phase, 

showed up to 344kPa, 373kPa and 249kPa when walking on level, descending and ascending 

surfaces. In TS phase, pressure values of up to 200kPa, 242kPa and 160ka were obtained when 

walking at level, descending and ascending surfaces, respectively. In general, highest pressure 

values were observed when descending the ramp, followed by the value obtained during level 

walking and ramp ascent. However, the pressure profile showed the reverse trend at patella 

tendon location. Figure 6.45b shows the SC at distal location, over a GC. Up to 136kPa and 98kPa 

of SC was obtained at early stance and TS phase (Figure 6.45b), respectively. Highest SL value 

was observed in early stance phase (175kPa), this is followed by the value obtained when 

walking on level surface (125kPa) and ascending surface (98kPa) (Figure 6.45c). Positive SL also 

indicates the residuum movement towards distal direction, relative to the socket. 
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Figure 6.45: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at anterior distal location of 
the residuum on level, ascent and descent surfaces, over a GC. 

It is evident that similar peak pressure values (94kPa in early stance and 105kPa in TS phase) 

and profile was observed when walking at level and ascending surfaces (Figure 6.46a). However, 

lower pressure (75kPa) was observed in TS phase were observed at TS phase. This could be 

associated with the lower anterior-posterior component of GRF when walking on the 

descending ramp, comparing to the value obtained on level and ascending surface. Up to 35kPa 

and 26kPa of SC was observed at early stance and TS phase, respectively, as walking on different 

terrain did not lead to the change in both peak SC and profile of the SC (Figure 6.46b).  

It is worth noting that at IC, up to 10kPa of SL was observed at SPF (Figure 6.46c) when walking 

on both ascending and descending ramp. However, approximately 0kPa of SL was observed at 

IC when walking on level surface. This could potentially reflect on the residuum location relative 

to the socket. When walking on ascending and descending ramp, in this particular session, the 

residuum was at a more distal location, comparing to that during level walking. In early stance 

phase, SL of up to 19kPa, 48kPa and 36kPa were measured when walking on level, descending 
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and ascending surfaces. Highest SL was observed when walking on descending ramp in early 

stance phase, which could be explained by the increased anterior-posterior and vertical 

component of GRF. 

 

Figure 6.46: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at SPF location of the 
residuum on level, ascent and descent surfaces, over a GC 

Based on the three sensor measurements, two placed at the proximal locations and one placed 

at distal location, several key biomechanical findings can be summarised here. At two proximal 

locations, pressure obtained at TS phase is always higher than that obtained at early stance 

phase when walking on the ascending ramp, comparing the value obtained when walking on 

the descending ramp. This could be potentially explained by the higher anterior-posterior GRF 

obtained at TS phase, comparing to that obtained at early stance phase. However, this is not 

always the case when looking at the pressure at distal location. Regardless of the terrain, higher 

pressure was observed at early stance phase than that in TS phase with no clear association to 

the GRF. The sensor placed at distal location, equivalent to the kick point, was used to measure 

the change of interfacial stress due to the movement of the cut end of the tibia, hence there 

may not be direct correlation between the GRF and the stresses at DISTAL location. Instead, 

the temporal profile may be associated to the movement of tibia inside the socket.  
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Walking on different terrain did not seem to lead to their circumferential or longitudinal shear 

stresses (Figure 6.44b - Figure 6.46b) as no distinctive difference was observed in the medial-

lateral component of GRF. Positive SL was observed at distal and SPF location, suggesting there 

was a downward movement of the residuum relative to the socket during most of the stance 

phase. Apart from the positive value of SL, double hump SL profile was also observed at both 

DISTAL and SPF location as vertical GRF is the dominant force transferred from the ground 

interface. When walking on descending surface, higher SL was observed in early stance phase 

at both Distal and SPF location. This could potentially due to the extra effort spent for braking 

when engaging with a descending ramp, this is also reflected on the increased anterior-

posterior and vertical component of GRF when walking down the ramp. Furthermore, up to 

20kPa of fluctuation of SL was evident at SPF location, while little SL was observed at patella 

tendon and distal location during swing phase. This could be associated with the muscle 

activation at SPF location, during swing phase, to control counter-act the inertial force exerted 

by the rest of the prosthesis.  
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6.3.3 Walking with different socket fit 

As mentioned in Section 2.5.3, the load transfer from ground interface can be affected by the 

change in socket interface mechanical properties, such as liner thickness and coefficient of 

friction. Further, the change in interface mechanical properties can also be associated with 

socket fitting in clinical settings. Therefore, in this section the interface kinetics will be assessed 

as a function of socket fit. This section presents the results obtained from the activity D1, 

involving walking on different terrains, the detailed protocol of D1 can be found in Section 6.1.2. 

In early stance phase (approximately 16%-17% of GC), up to -212N of anterior-posterior 

component of GRF was obtained (Figure 6.47a). There was no statistically difference (all p>0.05) 

revealed in the peak braking force for wearing 1, 2 and 3 socks. However, the was a slight delay 

in the timing of peak braking force when wearing three socks (Table 6.9), compared with the 

value obtained with two socks. In TS phase, highest propulsive force was observed when 

wearing 2 socks, compared with the value obtained with 1 (p=0.00) and 3 (p=0.02) socks. In 

addition, the adding of the socks has led to the increase of the time delay, at which the peak 

propulsive force was measured. 

 

Figure 6.47: (a) Vertical, (b) anterior - posterior and (c) medial-lateral component of GRF, over a GC 
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Table 6.9: The mean peak value (SD) and timing for the three components of GRF, obtained from the trans-tibial 
amputee wearing different number of socks. 

 Anterior-posterior GRF Medial-lateral GRF Vertical GRF 

 Braking propulsive Peak value Early stance TS 

No. Socks N %GC N %GC N %GC N %GC N %GC 

1 -207±11 16 158±4 51 59±20 18 1149±34 15 1034±9 47 

2 -208±20 16 175±6 52 57±8 18 1137±17 15 1013±23 48 

3 -212±16 17 165±11 54 57±23 18 1154±33 17 995±35 49 

It is evident that the adding or removal of socks didn’t seem to affect both peak value of the 

medial-lateral GRF and the timing of which the peak value occurred (Figure 6.47b). There was 

no significant difference between the vertical component of GRF between each of the two 

conditions (Figure 6.47c). However, a higher SD value was obtained when wearing 1 and 3 

sockets, compared with the value obtained with 2 socks. In addition, there was a delay in the 

timing, of which the early stance phase occurred when wearing 3 socks, compared with the 

values obtained with 1 and 2 socks. In the TS phase, the removal of one sock, from the two sock 

condition has led to an increase in the peak vertical GRF (p=0.01). A reduction in the mean 

value of vertical GRF was also reveal in when adding one sock, based on a two sock fit. However, 

this change is not statistically significant (p>0.05). 

To author’s best knowledge, this is the first study investigated the change GRF when altering 

the number of socks on a trans-tibial amputee. Based on this preliminary case study, significant 

change was revealed during the TS phase of the GC. For both anterior-posterior and vertical 

component of GRF, highest value was evident in an optimum socket fit (2-socks), in the TS 

phase. This could mean that there was a greater loading on the prosthetic side with an optimum 

socket fit, compared with those with a sub-optimal fit, indicating a greater involvement of the 

prosthetic limb during ambulation. More investigating is required to study the loading of the 

contra-lateral side, which could shed more lights to the asymmetry of the GRF.  

Interface stresses 

At IC, approximately 5±2kPa, 37±4kPa and 25±1kPa (Figure 6.48a) of pressure were obtained 

with 1-sock and 2-sock fit, respectively. The change from the 2-sock fit to a 1-sock fit led to 

approximately 32kPa of reduction in pressure. However, when adding a thick sock on top of 

the 2-sock fit, a reduction of pressure is also evident (up to 12kPa). According to the participant, 

with the 2-sock fit optimum contact can be achieved at patella tendon location. Upon removal 

one sock, the residuum was displaced to a more distal location, which may explain the 
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reduction of pressure at patella tendon bar location. Up on adding one sock at the socket 

interface, the residuum was held at a much proximal location in the socket. The patella tendon 

bar feature on the socket was no longer making contact with the patella tendon bar. In addition, 

more socks could result in a greater cushioning effect. Therefore, pressure at patella tendon 

reduces in a 3-sock fit condition, compared with those with 2-sock fit condition. It is also evident 

that highest pressure was obtained with a 2-sock fit in TS phase, which is consistent with the 

finding in both anterior-posterior and vertical component of GRF. Furthermore, regardless of 

the number of socks worn, up to 70kPa of change in pressure was obtained in the stance phase. 

 

Figure 6.48: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at patella tendon location 
of the residuum on level, ascent and descent surfaces, over a GC 

Pressure is a critical parameter that indicates the performance of a patella tendon bearing 

socket. For adult amputees, the change in socket fit quality can be mitigated by adding 

removing socks and an optimum fit can be achieved. However, for child amputees, on top of 

the volume fluctuation due to activity level, the growth of residuum has a higher impact on the 

residuum volume change. Currently, the socket management of child amputee relies on the 
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frequent visit to prosthetic clinics to accommodate the rapid growth of the stump. The 

dramatic change in pressure with different socket fit at IC, indicates the potential for designing 

a self-management system for parents of the child amputees. 

Apart from the difference observed at IC, up to 17±2kPa, 15±1kPa and 13±2kPa of change in SC 

was observed with 1-sock fit, 2-sock fit and 3-sock fit (Figure 6.48b), respectively. Change of SL 

of up to 5kPa was revealed, which is significantly less than the value obtained in circumferential 

direction (Figure 6.48c). Sanders et al [208], investigated the effect of weight loss on the 

interface stress. The study showed a reduction in both pressure and shear stress at anterior-

medial-proximal location (equivalent to patella tendon location) of the stump. To aid the 

comparison with the current study, the reduction in weight can be approximated to have 

similar effect of the removal of socks. The current study suggested a decrease in shear stress 

when adding socks. This finding contradicts the previous study. This is likely attributed to the 

non-uniform change in residuum shape due to weight loss, compared with the controlled 

volume changed by add or removing socks.  

At IC, up to 35±3kPa, 88±2kPa and 40±4kPa of pressure were observed at AD location (Figure 

6.49a), with 1-sock, 2-sock and 3-sock fit, respectively. A decrease in pressure was observed at 

AD location when changing from a two-sock fit to a one-sock fit. This could be potentially 

explained by the sink of the residuum to a more distal location of the socket. AD location of the 

socket was no longer making contact with the ‘kick-point’ of the residuum, which could explain 

the reduction in pressure. When adding two more socks on the one-sock fit, at IC, the residuum 

was lifted to a more proximal location, which may cause the ‘mis-match’ between the AD 

location on the socket and the kick-point on the residuum. Two clear peaks were observed over 

the stance phase, with the peak in early stance phase greater than the one in TS phase. 

However, this does no align with Radcliffe’s conceptualised stress profile described in Figure 

2.49. The conceptualised stress profile revealed a lower pressure in early stance phase at 

anterior-distal location while a higher pressure at posterior-distal location. This was estimated 

based on the flexion of tibia (kinematic) against the posterior-distal location of the socket. 

However, the pressure change can also induced from the dorsi-flexor bending moment at the 

level of ankle in early stance phase.  
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Figure 6.49: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at anterior distal location of 
the residuum on level, ascent and descent surfaces, over a GC 

Over the entire stance phase, up to 60±16kPa, 93±3kPa and 100kPa±8kPa of change in SC was 

obtained in stance phase (Figure 6.49b). Up to 73±6kPa, 91±3kPa and 102±10kPa of change in 

SL was obtained in stance phase (Figure 6.49c). It is evident that the addition of socks led to the 

increase in the change in both SC and SL at anterior-distal location. With a 3-sock fit, the 

residuum was lifted to a more proximal location. The truncated end of the tibia was no longer 

making contact with the sensor placed at the anterior-distal location of the socket. However, 

during dynamic walking, the vertical load transferred from the ground interface pushed the 

residuum more into the socket. This resulted in the proper contact between the truncated tibia 

and the anterior-distal sensor, hence higher shear stresses in both circumferential and 

longitudinal directions were revealed with more socks worn. 

At IC, up to 12±3kPa, 44±1kPa and 39±5kPa of pressure were obtained with 1-sock, 2-sock and 

3-sock fit (Figure 6.50a), respectively. The dramatic reduction of the pressure when changing 

from a 2-sock fit to a 1-sock fit may be attributed from the sinking of the residuum, when a 

layer of sock was removed. In stance phase, up to 53kPa, 50kPa, 47kPa change in pressure was 
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observed. This suggested that the addition of the sock led to the reduction in change of the 

pressure in the stance phase. This is likely to be explained by two possible factors. First, by 

adding more layer of socks, a greater cushioning was established between the residuum and 

the socket, which could lead to the reduction in pressure. Secondly, adding more socks could 

result in a tighter socket fit, constraining the interaction between the bones relative to the 

socket. With a 3-sock fit, pressure did not return to the value observed at IC at TO and it 

continued to decrease over the entire swing phase. The further strengthen the previous 

statement as the excessive constrain was applied to the interface with a 3-sock fit. Similarly, 

this feature can be potentially used as guidance to adjust socket fit in the future. 

 

Figure 6.50: (a) Pressure, (b) circumferential shear and (c) longitudinal shear measured at SPF location of the 
residuum on level, ascent and descent surfaces, over a GC 

At IC, 0±1kPa, 17±2kPa and 17±5kPa of SC were obtained. SC value of 0kPa suggested that little 

shear stress was transferred in the circumferential direction with 1-sock fit (Figure 6.50b). It is 

also worth noting that up to 6kPa of SD value was obtained over the stance phase with 3-sock 

fit, which is significantly higher than the value obtained with 1-sock and 2-sock fit. This may 

suggest that the stability in coronal plane may be compromised when excessive sock was 
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applied at the socket interface. The large SD value obtained with 3-sock fit also aligns well with 

the greatest SD value obtained in the medial-lateral GRF (Table 6.9). 

At IC, -40±7kPa, 0±1kPa and 36±4kPa of SL was obtained (Figure 6.50c). This is likely attributed 

the state of the residuum relative to the socket in the swing phase of the previous GC. With a 

loose socket fit (1-sock fit), the residuum tends to be pulled away from the socket during swing 

phase. This creates a longitudinal shear force towards the distal direction, resulting in a 

negative shear stress at IC. Similarly, due to the excessive contact between the residuum and 

socket during donning, a greater shear force was transferred to the residuum tissue without 

causing slip between the residuum and the socket, compared to the value obtained with 2-sock 

fit. This could result in a higher SL at IC.  

Over the entire stance phase, up to 8kPa, 10kPa and 40kPa change in SL was observed with 1-

sock, 2-sock and 3-sock fit, respectively. This suggested that the addition of sock could lead to 

the increase in longitudinal shear stresses. This may again be explained by the increase in static 

friction in the longitudinal direction with the effect of increased pressure. In theory, if the 

coefficient of friction remains the same, the increase in the vertical GRF could lead to the 

corresponding increase in the longitudinal shear stress. However, this was not the case in the 

current study as the greatest SL was observed with a 3-sock fit and the corresponding vertical 

GRF was the lowest (Table 6.9). This lead to the hypothesis that the increase in pressure can 

lead to an increase in static coefficient of friction, allowing more shear force transferred to the 

residuum. 

In this study, interface stresses were measured at key locations of a trans-tibial residuum with 

varied socket fit. The socket fit was controlled by either add or remove one sock from an 

optimal socket fit condition. This preliminary result demonstrated the potential sensitivity in 

interfacial stress and ground reaction forces when socket fit was altered. To author’s best 

knowledge, this is the first study presented the change in both interfacial pressure and shear 

stress with the effect of socket fit. 

It is clear from Table 6.9 that, highest anterior-posterior and vertical component of GRF was 

revealed with an optimal 2-sock fit. Either adding or removing one sock led to the decrease in 

the two components of GRF. In the medial-lateral direction, no significant change was revealed 

when socket fit was altered. A decrease in pressure at IC was evident at two proximal load 

bearing locations when one sock was removed from the optimal fit condition. This is likely due 

to the sink of residuum relative to the socket. At the distal location, either adding of removal 

of the sock led to the decrease of pressure at IC. A dramatic change in SL was observed at SPF 
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location at IC, when socket fit was altered. With a tight socket fit, the residuum was displaced 

more in to the socket at initial contact, resulting in a higher longitudinal shear. With a loose fit, 

socket tends to be pulled away from the residuum by inertial force during swing phase, 

resulting in negative SL at initial contact. From the evidence presented above, the interfacial 

stresses obtained at IC may be robust parameters to link with the socket fit. 

Despite the two finding described above, there are limitations associated with this study. The 

effect of donning and doffing of the socket on the interface stress was not investigated in 

between the each of the socket fit conditions. The difference in absolute stresses reported at 

IC, or change in stresses reported over the stance may not be accurate. Cautious need to be 

taken when interpreting the results obtained in this case study. 

This section presents the assessment of residuum/socket interface stress for both trans-tibial 

and knee disarticulation participants. The intra- and inter-sensor repeatability was first studied 

by performing mechanical tests. The sensor system, capable of measuring both pressure and 

shear stresses, were subsequently used to evaluate the interface kinetics. Similarly, 

repeatability and sensitivity studies were performed on lower limb amputee participants. Intra-

session SD in a range between 0 and 2kPa was achieved in a total of four sessions. In addition, 

little inter-session variability, in term of peak value, was obtained between the two sessions 

conducted in short term. However, peak value differences of up to 67kPa and 20kPa were 

evident in pressure and shear measurement, respectively. This could be potentially explained 

by the change in socket fitting over a long period time. Adequate sensitivity was demonstrated 

when altering the walking speed, terrain and prosthetic components. On the knee 

disarticulation amputee, an increase in walking speed led to the decrease of stress at mid-

stance phase and similar phenomenon was evident on the vertical GRF (Section 6.2.3). When 

walking on different terrains, a greater stress was measured during early stance phase on the 

descending ramp while a greater stress was evident during TS phase when walking on the 

ascending ramp (Section 6.2.4). 
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6.4 Analysis of interface biomechanics 

Chapter 5 and Chapter 6 (Section 6.2-6.3) presented the development of means to evaluate 

residuum motion and stresses at socket interface, during ambulation. The effectiveness of the 

residuum/socket interface kinematic model (kinematics) and the TRIPS sensor system (kinetics) 

have been evaluated by amputee walking tests. As mentioned in Section 2.7.3, the intricate 

relationship between residuum motion and interface stresses have not been reported in 

literatures that are based on in-situ measurements. The novel interface kinematic model based 

on 3D motion capture and TRIPS sensor system enables the first-of-its-kind interface 

biomechanical studies. This section presents the synchronised results of residuum motions and 

interface stresses that have been obtained concurrently in the same walking trials of a knee 

disarticulation amputee. The correlation of the kinematic and kinetic information will be briefly 

discussed, potentially setting up a combined clinical test bed for comprehensive interface 

biomechanical analysis. 

Figure 6.51 shows the assessment plans designed in this study. 

 

Figure 6.51: Schematics showing the interface biomechanical assessment. 

6.4.1 Combined kinematic and kinetic assessment 

In this series of study, socket interface biomechanics in sagittal plane and axial direction are 

chosen for analysis. In sagittal plane, the interface kinematic model gives an evaluation of the 

angular movement of the HJC in relation to the socket, in sagittal plane. It is assumed that, this 

angular movement can also be correlated to the proximal residuum moment relative to the 

socket. When the residuum segment rotates anti-clockwise, engaging with the posterior region 

of the socket, higher pressure will be observed at PP region of the socket (indicated by the blue 

rectangle in Figure 6.52a), comparing to the value at AP region. When the residuum segment 

rotates in the clockwise direction (Figure 6.52b), engaging with the anterior region of the socket, 
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higher pressure will be observed in the anterior region of the socket comparing to the value in 

the posterior region. In this way, the pressure measurement from the stress sensor system can 

be correlated to the residuum motion induced from the interface kinematic model. 

 

Figure 6.52: Illustration of socket interface biomechanics in (a) – (b) angular direction and (c) – (d) axial direction.  

In the axial direction, the axial length induced from the interface kinematic model could be 

potentially associated to the longitudinal shear stresses measured from TRIPS sensor systems. 

A shown in Figure 6.52c, when the residuum is ‘pushed’ into the socket, a decrease in axial 

length will be evident and this could potentially leads to increase in longitudinal shear stress 

towards proximal direction. When the residuum is pulled out of the socket (Figure 6.52d), an 

increase in axial length may be observed and this could lead to an increase in axial length 

towards distal direction. In this way, the measured longitudinal shear stress can be correlated 

to the axial moment of the residuum in the socket. 

6.4.2 Level walking activity 

This section presents the results obtained from the activity D1, the detailed protocol of D1 can 

be found in Section 6.1.2. 

The left axis of Figure 6.53a shows the ΔP as a function of GC and the right axis shows the 

angular motion in sagittal plane, as a function of GC. In general, positive ΔP (up to 17kPa) was 

evident in the stance phase, suggesting the pressure measured at PP location of the residuum 

was always higher than the value measured at AP location. In term of angular motion, an 

increasing trend (up to 10°) was observed in most of the stance phase, suggesting the residuum 

was engaging with the posterior region of the socket. Therefore, the residuum motion in the 

stance phase matches well with the corresponding pressure measured at two proximal 

locations, i.e. when the residuum engaged with the PP location of the socket, higher pressure 
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was also observed. In the swing phase, a decrease of ΔP was observed, suggesting the higher 

pressure was measure at AP location, comparing to the value at the PP location. For the angular 

motion in the sagittal plane, a decreasing trend was also observed, suggesting the restoration 

of the residuum from the stance phase, towards anterior region of the socket. Therefore, the 

decrease of ΔP, in the swing phase matches well the decrease of angular motion in the sagittal 

plane.  

 

Figure 6.53: Interface biomechanics in (a) angular and (b) axial direction during level walking. 

The left axis of Figure 6.53b presents the longitudinal shear stress obtained as PP and AP 

location, over a GC. The right axis presents the axial length values, as a function of GC. It is 

evident that positive SL, in the stance phase, was measured at both PP and AP location, 

suggesting that the longitudinal shear force was acting on the residuum tissue towards 

proximal direction. Regarding to the axial length, a general decrease was observed during the 

stance phase, suggesting the residuum was pushed into the socket, which may induce the 

positive SL acting on the residuum. In the swing phase, SL showed little fluctuation. However, 

an increasing trend of the axial length was observed. This could likely contributed from the 

residuum slip inside the socket, during the swing phase. 

It is envisaged that the biomechanical analysis at socket interface could potentially aid the 

prosthetist with socket design and fitting. As an example, the performance of the ischial 

containment socket (Figure 2.7b) on a trans-femoral amputee can be assessed by evaluating 

the angular motion in coronal plane and stresses at ischial seat of the socket. In addition, the 

performance of the Hi-Fi socket can be assessed by evaluating axial length motion and at the 

same time, avoiding excessive pressure along at the depression regions (Figure 2.8). 

Furthermore, the intricate relationship between the interface kinematics and kinetics could 

potentially implemented in the monitoring system designed for lower limb amputee. As an 

example, for tans-femoral amputees, when the interface friction behaviour falls in static regime, 
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the increase in longitudinal shear stress is approximately proportional to the displacement 

(axial length) or strain. Socket comfort can be potentially described as a function of axial length 

and longitudinal stresses. When the interface friction falls in dynamic regime, i.e. slip between 

the residuum and the socket. The axial length will either increase or decrease depending on 

the direction of loading. However, when slip presents at socket interface, longitudinal shear 

stress ay not change at the load is not transferred to the sensor. In this case, using sensor to 

inform socket fit may not be appropriate. A combined kinematic and kinetic assessment is then 

critical in this case, especially for amputees who have reduced or loss of sensation.  

6.4.3 Level walking with difference walking speeds 

This section presents the results obtained from the activity D2, the detailed protocol of D2 can 

be found in Section 6.1.2. 

The left and right axis presents the ΔP (solid lines in Figure 6.54a) and angular motion (dashed 

lines in Figure 6.54a), as a function of GC, respectively. To avoid the repetitive description of 

the results, only the effect of walking speed on the interface biomechanics will be presented 

and discussed here. With particular focus in the mid-stance phase of the GC, up to 11kPa, 9kPa 

and 6kPa of ΔP was obtained when walking at slow, self-selected and fast walking speeds, 

respectively. This suggested that the increase in walking speed led to the decrease of ΔP. Up to 

3.0°, 2.8° and 2.4° angular motion were obtained in the mid-stance, when walking at slow, self-

selected and fast walking speeds, respectively. Therefore, the increase in the walking speed led 

to the increase in angular motion in sagittal plane in mid-stance phase, suggesting the residuum 

was making more contact with the PP location of the socket. This could be potentially 

correlated to the ΔP pressure, as the increase in contact with PP location of the socket could 

results in higher ΔP. This interface biomechanics observed may be further correlate to the load 

transfer from the prosthetic knee joint. Knee joint was chosen as a point for analysis as it was 

the closest distal to the socket interface. The greater movement and stress observed in mid-

stance, when walking with slow speed may be associated with the greater knee joint moment 

(Figure 4.8 in Section 4.3.3). 
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Figure 6.54: Interface biomechanics in (a) angular and (b) axial direction when walking with different speeds. 

The left axis of Figure 6.54b presented the longitudinal shear stress obtained as PP location of 

the residuum while the right axis indicates the axial length. At mid-stance phase of the GC, up 

to 12kPa, 11kPa and 9kPa of SL was obtained when walking at slow, self-selected and fast 

walking speeds. This suggests that the increase in walking speed led to the decrease of SL in the 

mid-stance phase. When comparing the axial length obtained at mid-stance phase, up to -

21mm, -18mm and -16mm was obtained when walking at slow, self-selected and fast walking 

speeds, respectively. This suggests that the increase in walking speed led to less axial length, 

which could be potentially associated with the reduction in SL. Similarly, potential association 

was found between the load transfer at the ground and at the socket interface. The greatest 

vertical GRF was measured when walking at slow speed, followed by self-selected and fast 

walking speeds, at mid-stance phase (Figure 4.6 in Section 4.3.1). This could be potentially 

associated with the greater interfacial stress and residuum movement observed at socket 

interface.  

In general, in mid-stance phase, the increase in walking speed does not necessarily lead to the 

increase in residuum motion and stresses at socket interface. Instead, when walking at slow 

speed, a greater mechanical interaction was evident at socket interface. This finding could be 

potentially implemented in the control strategy in the future intelligence prosthesis. An 

improvement in residuum stability can be achieved through the actuation of an adaptive socket, 

when walking at slow walking speed.  

6.4.4 Walking on different terrains 

This section presents the results obtained from the activity D3, the detailed protocol of D3 can 

be found in Section 6.1.2. 
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Anterior-posterior GRF shows mean peak forces of approximately −115 N, −145 N and −66 N in 

early stance phase, and +115 N, +77 N and +169 N in the TS during level, descent and ascent 

walking (Figure 6.55a), respectively. Vertical GRF shows typical double-hump shaped profiles 

with mean peak forces of approximately 840 N, 837 N and 814 N in early stance phase (10-20% 

of GC), and 814 N, 754 N and 781 N in TS (40-60% of GC) during level, descent and ascent 

walking, respectively (Figure 6.55b). Regardless of the terrain, the early stance phase peak and 

the TS peak in vertical GRF were separated by a mid-stance local minimum, at approximately 

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

centre of mass during stance. Therefore, this mid-stance point was chosen as a point of 

comparison for analysis in this work. 

 

Figure 6.55: (a) Anterior-posterior GRF and (b) vertical GRF obtained when walking on different terrains. 

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

evaluated by characterising both the angular motion in the sagittal plane (Figure 6.56a) and the 

pressure at the AP and PP locations, on level, descending and ascending surfaces. Angular 

motion showed a 1° higher movement from IC to mid-stance when walking on descending 

surface (2°), compared with that on level walking (1°). This is likely due to the effort required in 

early stance phase to control the residuum, achieving foot-flat when descending the ramp. In 

addition, angular motion showed 4° more movement from mid-stance to TS when walking on 

ascending surface (9°) when compared to that during level walking (5°). This may be affected 

by the work produced by the hip in TS to propel the limb forward to initiate the swing phase. 

The interface kineamtics seen is mainly a result of the moment applied to the socket as a result 

of the anterior-posterior component of GRF. For interface kinetics, during ramp descent, higher 

pressure at the PP and AP locations were obtained in early stance phase, comparing to that at 

TS. By contrast, when walking on the ascending ramp, higher pressure at the PP and AP 

locations were obtained at TS. 
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Figure 6.56: Interface biomechanics in (a) angular and (b) axial direction when walking on different terrains. 

For the tests conducted on all terrains, +ve values for both angular motion and ΔP were 

obtained during the majority of the stance phase (Figure 6.56a). In particular, the increase of 

angular motion corresponds to the increase of ΔP in the early stance. This suggests that, in 

general, the larger the angular motion, the higher pressure at the posterior region than at the 

anterior region. Such an effect is illustrated by the corresponding schematic in Figure 6.52a and 

b, showing the VRS engagement with the posterior region of the socket, while a 

higher pressure was obtained at the PP location compared to that at the AP location. It is well 

established that the PP location of the socket provides a seating interface for the knee-

disarticulation amputee, especially during stance phase of the GC, to stabilise the trunk and the 

prosthetic knee [2, 43]. This effect was generally observed for all terrains. However, a 

greater angular motion was observed during early stance phase when descending the ramp 

compared with the other two surfaces. This in principle corresponds to the greater anterior-

posterior braking force (Figure 6.55a) during ramp decent in early stance phase, which may 

have resulted in a greater residuum rotation towards the posterior region of the socket from 

IC to mid-stance (Figure 6.56a, right axis). Indeed, at the two proximal locations, higher 

peak pressure were measured in early stance phase when compared to those at TS (Figure 

6.56a, left axis). By contrast, when ascending the ramp, a greater propulsion force was 

recorded during TS (Figure 6.55q). This may explain why the increase of α occurred in between 

mid-stance to TS of the GC. 

Figure 6.56b shows that, from approximately 0–20% of the GC, axial length shortened and 

the SL at the PP location increased. As gait progresses to mid-stance, both the L and 

the SL stabilise to form a plateau-like region. Axial length further shortens after mid-stance 

phase with a subsequent increase in the SL at the PP location. At TS, both the axial length and 

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

although the recovery of axial length was evident. This may be a direct result of bony 
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movement inside the residuum, with minimal resulting shear transferred between the socket 

and the residuum. When walking on different terrains, highest peak values of SL were obtained 

during the ramp ascent, followed by the values measured during level walking and ramp 

descent. However, the largest axial length was evident during ramp descent. This is likely a 

result of load dependent non-linear friction behaviour, namely, the presence of slippage at the 

residuum/socket interface. 

This section presents a combined biomechanical assessment at residuum/socket interface 

using the kinematic and kinetic measurements based on two separate bioengineering 

techniques. Preliminary results suggest an association between the residuum movement, 

characterised by angular and axial length, and the pressure and shear stresses exerted at the 

residuum/socket interface. 

This chapter presents the assessment of interface kinetics for lower limb amputees. TRIPS 

sensor system was used as means to provide pressure and shear at socket interface. The 

effectiveness of the system was evaluated primarily on a knee disarticulation amputee and a 

trans-tibial amputee in terms of repeatability. The sensitivities of the technique was assessed 

with a series of walking activities and different prosthetic components, during which the 

interface kinetics was also assessed. The interface biomechanics, incorporating kinematics and 

kinetics, is first time studied. In addition, the biomechanics evaluated at the socket interface 

was first time studied in conjunction with the load transfer from the ground interface, through 

the prosthetic limb. It is envisaged that such techniques could be potentially used to 

understand the biomechanical loading mechanisms at the residuum/socket interface, as well 

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

In the next chapter, a summary of research activities in this PhD project will be discussed. 

 

  



 

291 | P a g e  
 

Chapter 7 Summary and future work 

7.1 Summary 

This thesis thus fulfil the overall aim of project to develop a first-of-its-kind interface kinematic 

model and a sensor system capable of assessing multi-directional interface stresses. This has 

been achieved through the key objectives as stated in Section 1.2. Detailed results and analysis 

aligning with these objectives are presented in Chapter 5 and Chapter 6, respectively. 

A residuum/socket interface kinematic model was developed to assess the kinematics at the 

socket interface for lower limb amputees. The model consisted of a virtual residuum segment 

(VRS) and a socket segment (SS) with both defined with respect to a 6-DoF lower limb 

musculoskeletal model This is one of the advantage, as no alteration of the well-established 

marker placement protocol is required, when comparing with the model proposed by Childers 

and Siebert [169]. The alteration of the existing marker placement protocol may introduce 

potential error across investigators. This technique enables the dynamic assessment of the 

interface kinematics in a commonly available prosthetic research laboratory without disrupting 

amputee’s gait. This was not possible before as it either only provide static assessment or 

cannot be used for assessment and monitoring in daily life.  

The repeatability of the model was assessed on a single knee disarticulation participant with 

repeated trials in the same session on the same day and in sessions across different days. In 

total, 10 measurement sessions were conducted over two years. Repeatable waveform (CMC 

values of up to 0.9) was obtained during the same measurement session and across different 

days. Subsequently, the same measurement technique was applied on a trans-tibial participant. 

Up to three measurement sessions were conducted on different day to assess both intra- and 

inter-session repeatability of the technique. The preliminary study also showed potential 

sensitivity of the interface kinematic model to walking speed, terrain and different prosthetic 

components. It was first evaluated by asking the knee disarticulation to perform non-walking 

activities, such as standing, sit-to-stand and weight shifting activities. In addition, walking speed 

and terrain were also selected as input parameters for the sensitivity assessment. This 

preliminary work suggested that the increase in walking speed could lead to a greater residuum 

motion inside the socket. In addition, when walking on a descending ramp, a greater coupling 

motion was found in early stance phase. Correspondingly, when walking on an ascending ramp, 

higher coupling motion was observed as terminal stance phase. Different types of prosthetic 

components and suspension system were chosen to evaluate the residuum motion at the 

interface. The preliminary study suggested that the use of MPK could potentially reduce the 

residuum motion inside the socket, comparing to that with a polycentric knee. In addition, an 
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reduction in pistoning motion was found with an active vacuum suspension, compared with a 

suction suspension system.  

In addition to the 3D motion at the residuum socket interface, the corresponding stress profile 

was also examined. This involves the use of the TRIPS sensor system developed by colleagues 

in the University of Southampton. The sensor system proves to be clinical friendly as it involves 

no alteration on a socket and can be easily integrated with existing prosthetic components, 

resulting in minimal disruption in amputee’s gait. This was not viable in previous reported 

studies. Up to 30 sensor units, each of which was manufactured by the author of the thesis. To 

ensure the performance during testing, each of sensor unit was individually calibrated and the 

performance was subsequently evaluated.   

Three sensor units were placed on both trans-tibial and knee-disarticulation participant. 

Interface pressure and two orthogonal components of shear stresses were measured at each 

location. Before conducting the level walking test, simple non-walking activities were 

performed by the participant while interface stresses were acquired. These involved donning 

and doffing of the socket, standing and dynamic weight shifting, each of which were performed 

by the participant. It was demonstrated that stress at all three locations are sensitive to these 

simulated daily activities perform, most particularly the interface stresses at the posterior-

proximal location. Up to 10kPa, 6kPa and 6kPa change in pressure, SC and SL was measured 

during four repeated measure after donning and doffing process. This is one of the first studies 

that evaluates the effect of donning and doffing process to the interface stresses [195]. In 

addition, repeatability of the measurement was assessed by performing level waking test 

across different days. SD values of up to 5kPa was measured in pressure, SC and SL when 

evaluating the intra-session repeatability . The corresponding inter-session repeatability reveal 

up to 2kPa change in stress in the short-term and 28kPa change in stress during a long-term 

evaluation. The intra- and inter-session repeatability was comparable to those reported by 

Sanders, Zachariah [190]. 

Interfacial stresses obtained when walking at different speeds and on different terrains were 

also evaluated on the knee-disarticulation amputee. Results suggested that an increase in 

walking speed does not necessarily lead to an increase in interfacial stress. It is also worth 

noting that the profile of interfacial stress seems to follow the same pattern as the vertical 

component of GRF at mid-stance phase. When walking on different terrains, changes in peak 

values were observed in both early stance phase and terminal stance phase. When walking on 

a descending ramp, a greater interface stress was measured in early stance phase, compared 
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with the value at terminal stance phase. In addition, when walking on an ascending ramp, a 

greater interface stress was measured in terminal stance phase, compared to the value at early 

stance phase. Socket fitting, representing one of most important clinical parameter was also 

evaluated as a function of interface stresses on a trans-tibial amputee. Sensor units were placed 

at both proximal location and distal location of the residuum. Socks were added or removed in 

order to alter the socket fitting. The preliminary results suggested that the removal of sock 

seems to lead to the increase the loading at distal end while reducing the load at proximal 

locations.  

The kinematic motion and kinetic stress, obtained at the interface, was first time combined to 

study the interface biomechanics. A synchronisation device was developed to provide 

synchronous measurement of interface kinematics and kinetics. Walking speed and terrain 

were chosen as inputs to study in the interface biomechanics. This combined assessment 

further enables in-situ study of effect of the load transfer from the ground, through the 

prosthetic components, to socket interface. 

7.2 Potential scientific and clinical contribution of the field 

The evolution of the residuum 3D motion and stress provide in-situ biomechanics information 

during amputee walking, the use of which could be: 

 The 3D residuum motion and the corresponding stress can be used as inputs to FEA for 

the evaluation of deep tissue damage. The assessment of the residuum internal tissue 

damage (Section 2.2.3) can then be assessed locally with the aid of tissue damage 

model, which could potentially improve overall rehabilitation outcome. 

 The compliance of the socket interface can be potentially modelled with the input of 

residuum motion and load. The understanding of the socket interface compliance can 

contribute to the design of the biomimetic limb, as it requires the integration of socket 

interface with other mechanical (hydraulic) prosthetic components (Section 2.1.2). 

 The biomechanical knowledge regarding to the linked-segment model at socket 

interface can then be further used to form an improved musculoskeletal model for 

lower limb amputee. This could potentially improve the accuracy of the estimation of 

joint mechanics, as to-date, the interface was treated as a rigid segment in amputee 

gait analysis (Section 2.5.1). 

 The kinematics and kinetic measurement technique could potentially contributes to 

new socket designs and socket suspension techniques (Section 2.1.3). In addition, it 

could also provide guidance on socket alignment process (Section 2.2.1). 
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 The socket interface stress could also provide useful biomechanical feedback to 

orthopaedic surgeons. Interface stresses, as one of the rehabilitation outcome, could 

be associated with the existing surgical practice (Section 2.1.1). An improved surgical 

technique could be potentially formed with more understanding of the interface 

biomechanics.  

 The measured socket interface kinematics and kinetics could lead to a more realistic 

evaluation of limb performance (ISO10328). The prosthetic limb performance is 

currently assessed by assuming the socket interface is rigid. Introducing a non-rigid 

idea for socket interface could potentially improve the accuracy and robustness of the 

prosthetic components assessment. 

 Similar methodologies could be expanded to other application areas where relative 

motion and loading at body interface play important role e.g. upper limb prosthetic 

interface, wheelchair/special seating. The measurement of interface load at 

fingertip/object interface could be potentially converted to neuro signals, which could 

potentially help upper limb amputee to re-gain sensations.  

7.3 Limitation and future work 

The research presented in this thesis may be expanded in a number of ways. 

In this PhD project, the study of interface biomechanics was primarily based on one knee-

disarticulation amputee. The assessment of the reliability of the assessment technique can be 

expanded on a larger cohort of amputees, involving trans-tibial, trans-femoral and knee 

disarticulation amputees. This also facilitates a more in-depth understanding of the interface 

biomechanics involving different walking speeds, terrain, prosthetic components and interface 

mechanical properties.  

Section 5.2 describes the interface kinematic model for trans-tibial amputee. The model was 

capable of estimation of the knee joint movement with respect to the socket. Similar waveform 

was obtained in the current study (Section 5.5.1), compared with the ones reported by 

Childress and Siebert . Despite the similar waveform obtained, there is a limitation regarding 

to the model developed for trans-tibial amputee. The tracking of the knee joint movement 

relies on two assumptions: 

 No translational movement between the femur and truncated tibia (Figure 7.1). 

 Minimal soft tissue artefact contributed from the thigh cluster markers. 
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Figure 7.1: A schematic showing the translational movement between the femur and tibia. 

In order to address the limitation in the interface kinematic model, developed for trans-tibial 

amputee, Inertial Measurement Unit (IMU) based wearable technology may be used. With 

millimetre sized IMU, it can be integrated with existing interface components. As an example, 

one IMU can be integrated with a silicone liner with the second mounted on the inner socket 

wall. The differential IMU signals, such as acceleration and angular velocity, obtained during 

dynamic ambulation can be used to derive the axial and angular movement of the residuum at 

socket interface. Further, the two-IMU configuration can be combined with TRIPS sensor 

system and subsequently applied at different locations of the interface, providing a more 

localised interface biomechanical assessment for lower limb amputees. 

Previous studies have shown the association between limb alignment and socket reaction 

moment (Section 2.5.3). Different locations of the residuum may have different biological 

tissue behaviours. The measurement of socket reaction moment may not be adequate to guide 

the limb alignment process. The intricate link between the socket reaction moment and the 

localised dynamic stress profile and tissue viability need to be studied. This could potentially 

provide a means to create guidance to limb alignment process during limb fitting stage and for 

self-management. 

A formal evaluation of the correlation between the 3D motion and stresses at measured at the 

socket interface can be conducted. The results presented in section 6.4 provide the basis of 

conducting correlation analysis, such as cross-correlation.  

Translation between the kinematic and kinetic measurement to clinical outcome measure is 

one of the limitations of this project. Socket comfort, can be potentially interpreted as a 

function of interface kinematics and kinetics. Factors that affect socket comfort, such as 
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prosthetic alignment, suspension technique, silicone liner properties and prosthetic 

components, can be used as inputs to a regression model for evaluating socket comfort. The 

evaluation can then be translated to clinical interventions either from a prosthetist during 

socket fitting stage or from amputee self-management. Having identified the outcome 

measures, a clinical friendly user interface can be developed either via a laptop or a smartphone 

app. All of these could further improve the quality of the prosthetic services to lower limb 

amputees. 
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Appendix 

A1 Ethics and Research Governance Online (ERGO) application form 

ERGO 20847 
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ERGO 20313 
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A2 Calibration certificate for Kistler force plate (9286BA) 
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A3 Procedures of palpating anatomical landmarks 

Palpation of pelvic landmarks 

 Step 1: the subject adopts an upright standing positon. 

 Step 2: the research place fingers  on the anterior part of the iliac crest. 

 Step 3: the anterior part of the iliac crest is followed forwards, until a bony prominence 

region is located. 

 Step 4: confirm this location by moving the finger around and selecting the most 

prominent location as ASIS. 

 Step 5: the tip of the Pointer is placed at the palpated location and the trigger is 

activated. 

 Step 6: the marker visibility report (four markers on the Pointer, six markers from the 

pelvic frame) is checked from the Odin software.  

o If all marker is available, proceed to Step 7 

o If one or more markers can not be captured by the optical sensing unit, the 

orientation of the pointer was adjusted and protocol returned to Step 5 

Step 7: the same process is repeated to digitise right ASIS 

Palpation of knee joint landmarks 

For the able-bodied group, the process for palpation of the knee joint landmarks, including 

lateral femoral epicondyle (LFE) and medial femoral epicondyle (MFE), can be described as: 

 Step 1: the subject was required to stand and flex the knee. 

 Step 2: the researcher placed the index and middle finger around the lateral side of the 

knee. 

 Step 3: the fingers glided backwards until the lateral collateral ligament is reached. 

 Step 4: the ligament was followed proximally until a tubercle is reached, which 

corresponds to the lateral femoral epicondyle. 

Followed by the digitisation of LFE, the medial femoral epicondyle (MFE) was subsequently 

digitised, following the steps below: 

 Step 1: the subject was required to stand and flex the knee. 

 Step 2: the researcher placed the middle finger on the insertion of the Adductor 

Magnus muscle. 

 Step 3: the thumb was placed on the distal edge of the medial condyle. 
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 Step 4: the index finger was placed midway between the thumb and the middle finger, 

and moved slightly forwards towards the patella. The index finger should locate a small 

tubercle, this corresponds to the MFE.  
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A4 Source code for calculations of residuum/socket interface coupling motion 
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