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Abstract

The prosthetic socket, an essential interface element between the patient's stump and prosthetic device,
is most often the place where the degree of prosthetic success is defined. It is the most critical part of
the prosthesis, customized to fit with the unique residual limb of the amputee. Without a proper socket
shape and fit, the prosthesis becomes uncomfortable, or even unusable, and causes pain and skin
issues. The state-of-the-art prosthetic production is still missing universal numerical standards to
design a socket. The current practice is expensive and relies on the manual refinements of the
orthopedic technician, and the fit quality strictly correlates with his skills as well as the subjective
feedback of the patient.

The thesis aims to conduct a deep analysis of an optimal design of the prosthetic socket by studying
and developing an alternative computer-aided design process. This process is fully based on the virtual
model of the patient’s residual limb and relies on the calculation of the socket-stump interaction. A
fast calculation is favorable in this case, that’s why we propose to use the Mass-Spring System (MSS)
instead of the widely used FE method to model the soft tissues of the residual limb. A new
configuration of the MSS model is proposed to respect the non-compressibility property of the soft
tissues by adding non-linear “Corrective Springs”. The numeric model is to be generated from the
scanned model of the stump. For this purpose, we propose a fusion scheme of four RGB-Depth sensors
for a rapid and low-cost scan with error reduction techniques. Finally, the virtual residual limb is used
in the socket designing phase. A parametric design method is proposed and investigated. The design
problem is transformed into a constraint-satisfaction-problem whose constraints are derived from the
inverse calculation of the stump-socket interaction. The inverse approach has been chosen to eliminate
the need for expensive contact formulation. This fact leads to rapid calculations, and consequently,
allows to provide real-time numerical feedback during the designing process. The validation was done
by comparing the results of our system with the output of FE simulations.

The system has been implemented with a user-friendly graphical interface and virtually tested and
numerically validated. This system reduces the limitations of the current practices. However, a lot of
works is still ahead to refine and develop the system and validate it with clinical experiments.

Keywords: lower-limb prosthetic socket, finite element, real-time soft tissues deformation, Mass-
Spring System, 3D scan, computer-aided design
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Introduction

Chapter 1.

1.1 Healthcare context

Almost all of us were naturally born with those two weight-bearing and locomotive biological devices, the
lower limbs, and when we first started walking, it was one of the greatest moments for us and freaking
hilarious moments for the parents. Whereas it required a great job to switch from crawling to walking, the
latter has become now a very simple daily task that we perform intuitively. Not just standing and walking,
but even running and jumping...etc. are very easy works that we enjoy doing. But as easy and simple as
they sound, many people are deprived of the “luxury” of performing them because they’ve lost one or both

their lower limbs.

Limb loss, also known as an amputation, is a major physical and psychologically overwhelming event that
can happen to a person. Amputation represents an irreversible surgical option which may result in
physically challenged and bodily disfigurement. The amputations occur everywhere in the world, either in
developed or developing countries, and the causes of amputation are many. The most common reason is
poor blood circulation because of the damage or narrowing of the arteries, called peripheral arterial disease.
Diabetes can be one of the causes of this vascular issue. Without adequate blood flow, the body's cells
cannot get the oxygen and nutrients they need from the bloodstream. As a result, the affected tissue begins
to die and infection may set in. Sometimes, a bad infection never heals and might cause gangrene. Gangrene
and foot ulcers that do not get better with treatment can lead to an amputation to prevent the bad infection
from spreading to the rest of the patient’s body. Other causes for amputation may include a cancerous tumor
in the bone or muscle of the limb, thickening of nerve tissue (called a neuroma), frostbite, and severe injury
(from a vehicle accident or serious burn, for example) ... etc. Besides, there are, of course, the victims of
the conflicts in war and post-war zones where the greatest number of amputations result from the fighting
and landmine explosions.

Limb loss is much more common than many people realize. Despite advances in medicine and
biomechanics, amputations continue to be a large and rapidly growing problem worldwide that impacts
millions of individuals. In the United States, nearly 2 million people are living with limb loss, and the
number will nearly double by the year 2050 [1] since approximately 185,000 amputations occur all over
the states each year [2]. Globally, epidemiological reports during the last decade indicated that over 1
million amputations were being performed on people with diabetes each year [3], which means that a leg



is lost to diabetes somewhere in the world every 30 seconds. And of these people, up to 55% will require
amputation of the contralateral leg within 2-3 years [4].

Amputation of the limbs has been reported to a be significantly stressful event for an individual [5-6], and
it has severe psychological and emotional effects on the amputee that may result in a poor quality of life
[7]. Many researches in the field reported that traumatic loss of a limb is typically equated with loss of
spouse [8], loss of one's perception of wholeness [9], symbolic castration, and even death [10-11].
Immediate reactions to the prospect of amputation vary and depend on whether the amputation was planned,
occurred within the context of a chronic medical illness, or was necessitated by the sudden onset of infection
or trauma. The context for amputation affects the psychological sequelae during the rehabilitation phase as
well. When there is time to think about impending loss, classic stages of grief may be experienced [12].
Among these stages are denial (often manifest as a refusal to engage in discussion or to ask basic questions
about the planned procedure), anger (which may be directed toward the medical team, with expressions of
being “cheated” or “tricked” into agreeing to an amputation), bargaining (by attempting to forestall the
surgery or to delay it indefinitely for a myriad of reasons such as “I'm too tired, I don't want to go through
with any major surgery”), depression (taking the form of “learned helplessness,” feelings of passivity, and
being overwhelmed), and acceptance (which may not be reached until the patient is well into the
rehabilitation process) [13].

Despite the variety of the amputee’s reactions toward the amputation fact, the current most important path
for them is the one that allows them to maintain their independence and livelihood - and that starts with
walking. Thankfully, we finally have advanced prosthetic devices that allow the amputees to not only walk
again but run and even compete professionally with individuals who have biologically standard limbs. With
the advancement in technology, prosthetic limbs have reached a new level of quality and function. Lower
limb prosthetics have moved from hooks and pegs to bionic legs made with microprocessor knees that allow
amputees to walk up and down stairs with minimal struggle. Unfortunately, these advancements come with
a hefty price tag and prosthetics can’t be accessed by everyone in need. In developed countries, according
to a market analysis [14], a simple lower limb prosthesis with no sophisticated technology that allows its
user to simply stand and walk on level ground costs between $5,000 and $7,000. On the other hand, a
$10,000 device will allow the person to become a "community walker" able to go up and down stairs and
to traverse uneven terrain. Whereas to walk and run at a level nearly indistinguishable from someone with
two legs, the amputee will need a prosthetic leg in the $12,000 to $15,000 price range. Add this to the
physical therapy costs that go with learning how to use the device, the 3-5 years life span of most prosthetic
limbs, and other medical issues associated with the amputation, and the cost totals to more than typical
college tuition fees. The lifetime per patient cost calculations for amputees suggest dollar amounts ranging
between $800,000 and $1.81 million [15-16], which is 1.4- to 3.2-times more than the lifetime medical cost
for the average person (US$562,880) [17]. While many institutions are striving to improve the lives of



amputees through research and technology, the target market for these discoveries will remain small if the
price tags are not lowered.

One of the main reasons for the incredibly high prices of prosthetic devices is the conventional method
currently used to design and fabricate the prosthetic socket. This method is artisanal and consists of a time-
consuming and expensive process requiring incremental refinements for the final prototype of the socket,
and especially its accuracy depends strongly upon the expertise of a high-cost specialist [18]. It is still not
possible to automate the prosthetic production since these devices are tailor-made products designed to fit
with the unique residual limb of the amputee [19], and yet, we don’t have concrete standards to numerically
define the well-fit socket design. Recently, the prosthetic industry has witnessed the introduction of
computer-aided design and manufacturing (CAD/CAM) tools that are now available for purchase. Although
systems vary, they generally follow the same basic stages of the conventional method, and there is still a
lack of a fully numerical-based design method that may provide a fast and low-cost prosthetic production.

1.2 Background

1.2.1 Types and causes of lower limb amputations

An amputation is defined and categorized depending on the part of the body amputated or after the name
of a surgeon. It can happen to any of the body’s extremities and limbs. A lower limb amputation ranges
from partially removing a toe to fully removing a leg and part of the pelvis. These types of amputations are
defined and listed below:

Partial foot amputations:

In a partial foot amputation (PFA), parts of the frontal section of the foot are surgically removed. PFAs are
often referred to by different names, such as transmetatarsal, Chopart, and Lisfranc... These names refer to
where the actual amputation occurs on the foot with some named for the surgeons who first performed
them.

PFAs are the most common type of amputation performed in industrialized countries. It affects about 2 out
of every 1,000 individuals in such countries [21]. The main causes of PFA are diabetes and vascular disease
affecting more than 618,000 Americans [22]. PFA is also associated with a significant failure rate and

numerous complications, including ulceration and secondary amputation.

Post-amputation solutions for PFA include the use of insoles or toe fillers that help relieve pressure from
sensitive areas or, in some cases, restore the effective foot length [21].

Ankle disarticulation:



The ankle disarticulation is a disarticulation at the tibiotalar joint with resection of the malleoli. The heel
pad is used to cover the end of the tibia.

This kind of amputation is also known as Syme’s amputation technique or Syme’s ankle disarticulation. It
is named that way after “James Syme” who suggested this technique and first recorded it in the adult in
1843 [20]. The traditional Syme amputation is a 1-stage procedure. Later, a 2-stage procedure was designed,
with the first stage used for debridement in case of infection with only loose closure and the second stage
for trimming of the malleoli and revision of the skin flap [23].

Syme ankle disarticulation is an amputation level that minimizes disability and preserves function. It
maintains an end-bearing and durable residual limb and provides better proprioception in the prosthesis
because of the preservation of the heel pad [24-25]. But on the other hand, Syme’s amputation has several
disadvantages that avoided surgeons performing this amputation level such as the perceived high risk for
wound failure, wound infection, or migration of the heel pad, which makes prosthesis use difficult [25-26].
Other disadvantages include that it is harder to build an appealing cosmetic prosthesis, and the options
available for a prosthetic foot are limited [27].

Transfemoral:

Transfemoral amputations, also known as above-knee amputations (AKA), involve removing the leg from
the body by cutting the lower-limb above the knee joint through both the thigh tissue and femoral bone.
Above-the-knee amputations may be necessary for many reasons. These can include trauma to the lower
leg, which results in a non-viable leg at or near the level of the knee. Below-the-knee amputation may
adequately address a more distal injury. Many studies have attempted to create algorithms to help
physicians decide when to reconstruct versus amputate. One of these is the Mangled Extremity Severity
Score (MESS), which takes into account skeletal/soft tissue injury, limb ischemia, shock, and patient age
[28]. Other indications include infection which has compromised the entire lower leg and is unresectable.
Etiologies may include non-healing diabetic wounds, necrotizing fasciitis, or cases of immunocompromised
patients. Tumors that are unresectable or whose resection would render the distal aspect of the limb non-
usable are yet another indication for this procedure. Vascular compromise, whether from injury or disease,
which cannot be corrected, can also necessitate an AKA. Additionally, congenital disabilities that render a
limb non-usable can indicate the need for this amputation. Individuals who have suffered an above-knee
amputation have the possibility of regaining mobility and walking again by using a prosthesis [29].

Transtibial:

Transtibial amputations, also known as below-knee amputations (BKA), involve cutting the lower limb
below the knee joint. Usually, the surgeon will prefer to perform a BKA over an AKA, if possible, to
preserve a healthy knee joint which makes the BKA have better rehabilitation and functional outcomes
[30]. In fact, knee joints are beneficial to balance, as well as maintaining the ability to lift and lower oneself.
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Knees also allow us to slow down, walk on stairs and slopes, and push forward. A prosthetic knee provides
the bending ability of a knee, but not the power, since a prosthetic knee is basically a swinging hinge.

There are two major bones in the lower leg that the surgeon considers when performing a transtibial
amputation. The larger of the two leg’s bones is the tibia, the smaller is the fibula. These bones are joined
at the top and bottom by joints at the knee and ankle. When these bones are surgically divided in transtibial
amputation, they maintain their joining near the knee, but not below.

A below-the-knee amputation is performed when a lower part of the leg becomes severely injured or
develops a life-threatening infection. Other reasons include chronic pain, birth defects, tumors, and non-
healing ulcers. The decision to amputate involves many factors and is done after a thorough discussion
between the patient and the orthopedic surgeon. One of these factors is the urgent cases where source control
of necrotizing infections or hemorrhagic injuries becomes more important than limb preservation. These
operations are executed when the patient’s life is threatened, and may sometimes, require bedside operation
if there is insufficient time to reach the operative suite.

Transtibial amputations are the most common amputations worldwide. It represents 71% of dysvascular
amputations [31]. Patients with a BKA have the option to use an artificial leg, also called a transtibial
prosthesis that can allow them to walk and restore mobility [27].

Knee disarticulation:

The Knee Disarticulation (KD) style of amputation is performed by amputating the limb between the bones
in the knee joint instead of cutting through either bone. This kind of amputation is most commonly done
after tumor resection or when an individual has suffered severe trauma.

KD represents less than 2% of the annual amputations performed in lower limbs in the United States [32].
Similar to below-knee amputees, a patient with a KD amputation has the possibility of regaining mobility
with the use of a custom-made prosthesis [29]. Several advantages of the knee disarticulation include a
large end surface covered by skin and soft tissues that are naturally suited for weight-bearing, a long lever
arm controlled by strong muscles, and increased stability of the patient’s prosthesis.

despite numerous advantages, KDs are rarely performed because of the anticipated KD prosthesis fitting
problems that include the positioning of the knee joint distally from the KD socket [33]. Another main
reason disadvantage of this kind of amputation is cosmetic.

Hip Disarticulation and Hemipelvectomy:

Hip disarticulation and hemipelvectomy, also known as trans pelvic amputation, are types of amputation
that leave the amputee with the loss of three joints: the hip, the knee, and the ankle. A hip disarticulation is



the amputation of the entire lower limb at the hip level, whereas a hemipelvectomy is the amputation of the
entire lower limb, plus a portion of the pelvic bone.

Hip disarticulation usually occurs due to trauma, tumors, and severe infections, but can be used to treat
vascular disease or be the result of complications that arise from diabetes.

A hemipelvectomy is a high-level pelvic amputation. It consists of removing half of the pelvis to treat
localized tumors, and, rarely, cancer that has metastasized on the area. Examples of cancers that can require
hemipelvectomies are sarcomas like Ewing's Sarcoma, osteosarcoma, or chondrosarcoma.

There are two types of Hemipelvectomy. The first type is the external one, also known as hindquarter
amputation which consists of the amputation of the whole leg plus the pelvis on that side. The second type
is the internal Hemipelvectomy, which is the removal of the pelvis on the one side, but without removal of
the leg.

Individuals who have undergone an internal hemipelvectomy amputation and lost their legs can regain
mobility and walk again with the use of a prosthesis [34]. Whereas for hip disarticulation, the use of a new
prosthesis is acceptable and can provide mobility to the amputee with intensive physical therapy and
psychological rehabilitation [35].

Van Nes rotationplasty:

Rotationplasty, commonly known as a Van Nes rotation or Borggreve rotation, is a type of autograft
wherein a portion of a limb is removed, while the remaining limb below the involved portion is rotated and
reattached. This procedure is used when a portion of an extremity is injured or involved with a disease, such
as cancer [36].

1.2.2 Historical overview of lower-limb prosthetics

A prosthesis is an artificial device that replaces a missing body part. It is also commonly known as an
artificial limb or simply a "prosthetic," and is an externally applied device that is designed to make the loss
of a limb less drastic for everyday life and to improve quality of life for those who have experienced
amputations. Lower limb prosthesis, or simply prosthetic leg, is intended to help patients to regain their
mobility and independence.

The medical world has witnessed a very big advancement in prosthetic technologies, for instance, we now
have advanced technologies that can give us access to robotic limbs. But it hasn’t always been this way,
though, and in the past, it was much more difficult for people to adjust to life after losing a limb than it is
today.



The very first documented use of the prosthesis in human history was reported in 2000 [37] when research
pathologists discovered an Egyptian mummy with a prosthetic toe made of wood and leather. The Greeks
also left evidence of using wooden feet to replace the lost biological ones.

In the middle ages, peg legs and hand hooks were common for those who could afford to have them fitted.
An increasing number of tradesmen crafted prosthetics during this time. For example, those who made
watches often used gears and springs to give limbs more detailed functionality. During the Renaissance,
Copper, iron, steel, and wood were the most common materials used for prosthetics.

The prosthetic devices were still very heavy until the post-World War 1l period, where most limbs were
made of a combination of wood and leather. Whereas wood is heavy, leather can be difficult to keep clean,
especially since it absorbs perspiration. Thereafter, in the second half of the 20th century, plastics,
polycarbonates, resins, and laminates were introduced as light, easy-to-clean alternatives to wood and
leather models. Lightweight materials such as carbon fiber were also introduced.

Today’s prosthetic limbs are much lighter and less cumbersome than those of the past. They’re typically
made of plastic, aluminum, and composite materials that provide amputees with function and mobility.
Motorized hand prosthetics controlled by sensors and microprocessors have also emerged. Thanks to new
technologies and the improvement of materials, prosthetics have come a long way since the first known
wooden toe. Developments in technologies such as robotics, brain-computer interfaces, and 3D-printing
have the potential to lead to future advancements in the field of prosthetics.

1.2.3 Prosthetic leg components

Beside the adapters and other connecting accessories, a prosthetic leg typically consists of the following
three main components: prosthetic foot, pylon, and socket (Figure 1). For the transfemoral (above-knee)
prosthetic leg, a knee unit is also introduced [38].

Socket

Figure 1. typical lower limb prosthetic device



The prosthetic foot:

A prosthetic foot is the lowest part of the prosthetic leg. It should ideally imitate the function of a real foot
as closely as possible by providing a safe platform, handling differences in terrain, and allowing the user to
walk in a natural, symmetrical way. It’s the main prosthetic component responsible for absorbing the shock
generated by the impact on the ground due to the absence of muscles from the amputated limb, and it should
also help the user to walk more easily by returning the energy generated by the impact of walking.

The pylon:

Also known as “shank™, it is the skeleton of a prosthetic limb. It has traditionally been formed of metal
rods, as it must provide structural support. Recently, however, the pylons have been formed from lighter
carbon-fiber composites. Sometimes the pylons are enclosed by a cover, which is typically made from a
foam-like material, in order to mimic the real leg shape.

The socket:

The socket is the part of the prosthetic device that connects to the patient's residual limb. Because it
transmits forces from the prosthetic limb to the patient's body, the socket must be meticulously fitted to
avoid causing irritation or damage to the skin or underlying tissues. Typically, a soft liner is situated within
the interior of the socket, playing a key role in suspending the socket from the residual limb and as a
protective barrier between the skin and the socket.

Sockets are often part of the overall suspension mechanisms securing the prosthetic limb to the residual
limb. Many suspension techniques are currently used in the prosthetic limbs including the harness system
(belts or sleeves are used to attach the prosthetic device), mechanical lock (by the incorporation of a pin
attached at the end of a liner which engages into a lock in the socket), suction suspension (such as the use
of sealed-in liner and air expulsion valve) and anatomical suspension (when the contours of the prosthetic
socket capture and hold onto the contours of the patient’s body).

1.2.4 The socket: the most critical part

The socket is the interface between the prosthetic device and the amputee’s stump. During static and
dynamic situations, forces and moments are transferred from the socket to the skeletal structures via soft
tissues. Knowing that the residual limb soft tissues are not physiologically designed to tolerate these forces
and moments, the challenge is to create a socket with an interface pressure that has a stiff coupling with the
bony skeleton and, at the same time, does not overstress the soft tissues [39]. Thus, the socket is the primary
and critical part that determines the level of comfortability of the prosthesis, and a good and comfortable
well-fit socket is required to ensure a positive outcome is reached in an amputee’s rehabilitation [40].



The socket-related problems have been reported as the major reason for the amputees to stop wearing their
prosthesis [41]. In fact, a user will never walk properly and will never reach the agreed goal of the
rehabilitation plan if the quality of the socket fit is not satisfactory regardless of the material used (plastic,
resin, or carbon).

Two surveys administered to lower limb prosthesis users indicated the high prevalence of skin sores or
irritation occurring within the socket, with fit likely being a contributing factor [42-43]. In fact, the use of
poorly fit sockets is known to cause pressure ulcers, pressure sores, and bleeding as well as other secondary
issues like back pain, weight gain, and more. These effects have been repeatedly observed to be related to
poor socket fit. All these are factors that affect the gait quality of the patients and drive them to take a
compensatory mechanism to avoid a massive reduction in their functional capabilities [44].

The quality of the fit depends entirely on the work of the prosthetist and their capacity to ensure precise
measurements during the socket design and fabrication process. The main issue is that the socket is a tailor-
made product designed to fit specifically with the very unique residual limb of the patient. A numerical
definition of the well-fit socket shape is still missing, and so that a socket design method based on concrete
numerical and scientific norms. Consequently, the socket happens to be the prosthetic part requiring the
most time and effort to be fabricated.

1.3 Challenges and objective

Two main issues are attributed to the conventional method currently used to design and fabricate the
prosthetic socket: one is related to the socket fit-quality, and the other is related to the high production cost.

The first issue related to the current practice is its subjectivity. Prosthetists must base socket fit decisions
on previous experiences, visual inspection, and verbal feedback from their patients [18] to determine the
appropriateness of a particular socket fit and the need for a new socket. This subjective data can be difficult
to document and thus does not provide objective evidence that can be presented to third-party payers,
explaining the need and benefits of a prosthetic socket. Failure to properly monitor and adjust socket fit can
lead to the rejection of the socket due to the discomfort and sometimes to injuries to the residual limb
tissues. Around 48% of amputees and 65% of clinicians identified socket fit related issues as the main factor
impacting rehabilitation [45].

The second issue of the current practice of the prosthetic socket design is its high cost, due to relatively
long production time, and dependence on the know-how of an expensive expert [18]. In fact, with the
absence of an objective assessment criterion, nine fitting and adjustment sessions in average are generally
required in the first year following amputation [46], while a high-cost specialist is personally involved with
his full time into the whole process. This fact has been witnessed during our investigation visits to an
orthopedic center in Beirut called ELIMED Center (http://www.elimedcenter.com/): whereas the total price
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of the final product is a few thousand dollars, the overall cost of the all used materials does not exceed very
few hundreds of dollars. The incredibly high price of these basic products is mainly caused by the long time
spent by the expensive specialist on this very slow process.

The objective of this thesis is to study and develop an alternative socket design system to overcome the
limitations and disadvantages of the current practice, mainly related to the high production cost and
subjective design criterion. Such an alternative solution shall be based on a low-cost and low time-
consuming numerical approach that allows rapid prosthetic production. This will overcome the dependence
upon the high-cost expert and the long production time, provide objectivity and scientific design assessment
as well as the possibility for automated production.

Basically, a prosthetic CAD/CAM system is based on the virtual model of the patient’s residual limb, since
a socket design is usually customized according to the specific features of each stump. Therefore, such a
system typically consists of four main steps (Figure 2): scan of the residuum, generating the residual limb
model, numerical computer-aided design of the socket, computer-aided manufacturing.

&

1 (1) Scan of the residuum
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[ (2) Generation of stump’s model
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—+ (3) CAD of the socket

I (4) CAM of the socket +— e ' —_—
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Figure 2. The workflow of a typical prosthetic socket CAD/CAM system

The stump is scanned to generate its digital model that includes all its parameters necessary for the
generation of its customized socket model. The stump’s parameters can be either measured during the
stump’s scan or estimated from literature’s values or even using a certain machine-learning-based
estimation method. The socket is then designed accordingly using a certain numerical method and finally
realized using a CAM technique. The current project deals with the design part of the system (the first three
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steps), whereas the fabrication phase is out of scope. A complete prosthetic computer-aided design
workflow is proposed, and each of its steps is given specific focus and studied in a way to overcome the
limitations existing in the current related techniques. The proposed design process is fully numerical, low
time-consuming, and has a low capital cost. The socket design problem is transformed into a Constraint
Satisfaction Problem (CSP) which significantly reduces the dependence upon the expensive labor.

1.4 Organization of the thesis

Beside this introduction, this dissertation consists of seven other chapters, organized as follows:

Chapter 2 reviews and explores the state-of-the-art of the lower limb prosthetics, the current fabrication
practice, as well as the Computer-Aided Design (CAD) methods and their components.

Chapters 3-5 studies the various steps that made up our proposed socket design workflow: chapter 3
describes the approach proposed to generate the virtual replica of the residuum. A Mass-Spring System
(MSS) is used for this purpose. Chapter 4 focuses on the scanning step. A rapid and low-cost 3D scan
method is proposed by fusing four RGB-Depth Microsoft Kinect v2 cameras, and an error reduction
technique is described to increase the scanning accuracy. In chapter 5, our numerical socket design method
is studied and investigated.

The overall achieved system is discussed in chapter 6. Chapter 7 consists of a conclusion that summarizes
this dissertation and provides the perspectives. Finally, chapter 8 lists the publications produced during this
thesis.

11



State-Of-The-Art

Chapter 2.

2.1 Current socket fabrication practice

2.1.1 Types and shapes of lower limb prosthetic sockets

To date, choosing the socket design is still generally based on the prosthetist’s personal experience, rather
than on objective data. The prosthetist usually looks at the amputee’s residual limb features (dimensions,
muscular trophism...), the patient age, and lifestyle to estimate the well-fit socket design. Figure 3 shows
the terminology of anatomical sides used often in the socket description.

Proximal

Posterior

Lateral g —p Medial

Anterior
Distal

Figure 3. different anatomical positions typically used to describe a socket

Literature shows that the first standards for lower limb prosthetic socket design, carried out in the middle
of the 20" century, were the Specific Surface Bearing (SSB) sockets where the load is mainly applied to
specific regions of the residual limb that are typically considered as pressure tolerant [47]. A particular
design type of the SSB is the Patellar Tendon Bearing (PTB) sockets where the load is mainly applied to
the patellar tendon that is suitable for anteroposterior compression loading since it is made up of extremely
strong fibers which stretch insignificantly under a tensile load. PTB sockets were featured by a mediolateral
grip on femoral condyles and were developed in two versions: the supracondylar (PTB-SC) sockets and the
supracondylar/suprapatellar (PTB-SCSP) ones. The former has extended medial and lateral walls that fully
cover the femoral condyles from both sides, with a low anterior edge in front of the patella, whereas the
latter has a more extended anterior wall that fully covered the patella. Another design type in the SSB family
is the Patellar Tendon Kegel (PTK), also known as Kondylen-BeinMuenster (KBM) socket, featured by
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more extended mediolateral edges compared with the previous ones. These three PTB configurations are
shown in Figure 4.

(a) (b) (c)

Figure 4. lateral and anterior view of the different configurations of the PTB design: PTB-SC (a), PTB-SCSO (b),
PTK /KBM (c). The red arrow shows the patellar bar where the load is mainly applied to the patellar tendon.

The main drawback of the SSB design is that, by applying stresses on specific regions of the stump, the
overall anatomical loaded area is reduced (loads on pressure-sensitive areas are avoided), which can cause
ulcers and other skin problems. That’s why, in the 80s of the 20" century, researchers have introduced so-
called Total Surface Bearing (TSB) sockets, where the load is distributed on the total stump area [48]. This
design aims to avoid high local stresses on the stump’s surface and enhance the comfort and fitting, as well

as the overall proprioception.

Successful fitting of a TSB socket requires good control of the soft tissues, minimized pressure peaks, and
distribution of load over the maximum surface area available [49]. TSB sockets are known to provide more
stability by reducing pistoning thanks to the total contact maintained throughout the gait cycle [50]. They
are believed to be more comfortable over the PTB sockets because overall socket pressure is reduced [51].
However, a distal end pain may be experienced while using the TSB socket due to the way the socket weight
bears the entire limb [52]. Also, patients with excessive soft tissue may experience this pain. TSB sockets
are also not suitable for amputees with bony spurs, neither for primary amputees due to volume changes in
the first 12-18 months post-amputation [52].

Concerning transfemoral amputees, as shown in Figure 5, the sub-ischial quadrilateral socket (QUAD),
developed at the University of California at Berkeley in the 1950s, is a SSB socket featured by ischial
weight-bearing and a quadrilateral shape in the transverse plane. It offered a notable improvement in fit,
total contact, and function. As its name implies, QUAD has four distinct walls fashioned to contain the
thigh musculature. QUAD sockets remained the most adopted solution for transfemoral cases until the late
mid-80s. Recently, the QUAD design was mostly replaced by Ischial Containment Sockets (ICS). ICSs are
TSB sockets where the weight-bearing takes place all over the surface of the stump without localizing one
specific point; hence, generating more comfort, better control over the prosthesis, and security for the user.
The ischial tuberosity does not suffer from direct, complete, and permanent weight-bearing. ICS
configurations improve the alignment of the femur and the prosthesis axes, which enhances the medial-
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lateral stability. This is basically achieved by extending mediolateral edges where the ischial tuberosity and
ramus are contained.

Recently, the sub-ischial design has been proposed again with two configurations: the sub-ischial
Northwestern [53] and the High Fidelity (Hi-Fi) sockets [54]. These solutions are considered for medium-
long stumps, aiming to enhance stability, gait, and comfort. The sub-ischial Northwestern socket exploits
Vacuum-Assisted Suspensions (VAS) to guarantee stability. VAS systems apply a sub-atmospheric
pressure between the socket and the stump through a mechanical or an electrical activation means [53]
allowing to reduce pistoning and thus increase prosthesis control [55]. The Hi-Fi socket consists of a frame
of 3-4 struts that extend longitudinally and compress the limb. The openings between the struts allow tissues
to slightly stick out whereas the compression areas stabilize the bone, reduce the motion with respect to the
bone, and lock the skin.

QUAD Northwestern + VAS Hi-Fi

ICS
Sub-Ischial Socket

Figure 5. above-knee prosthetic socket designs

2.1.2 The main rules

Basically, the socket is created by reshaping the surface of the stump replica to form the socket internal
surface that provides the intended pressure distribution during the use of the prosthetic device. The main
two principles that currently rule the shaping process are, first, to loosen the socket in the pressure-sensitive
zones of the stump where excessive loads are to be avoided, and, second, to tighten it in the pressure-
tolerant zones of the stump for weight-bearing. Despite many attempts to set up well-defined objective
standards to quantify the locations and amount of the modifications to be performed, the process is still
subjective relying on personal estimations of the skilled prosthetist.

The socket must be carefully designed so that the pressures exerted by it on the stump do not cause
unhealthy conditions and especially edema. One of the causes of edema is the imbalance in the exchange
of nutrients and other molecules between the blood and the cells of the soft tissues. Wearing a prosthesis
can produce mechanical factors which can result in such an imbalance by inhibiting the normal activity of
a muscle, and also by applying a concentrated pressure in one area that may cause edema in another distal
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area, either by inhibiting muscular action or by restricting venous or lymphatic return systems at low
pressure. To avoid these factors as well as others that can cause edema, the following conditions should be
satisfied in any socket:

e Avoid providing relief, when required, through a hole or window so that the external back pressure is
removed from a localized area. The entire stump should be wrapped so that at least slight pressure is
exerted on the soft tissue when the prosthesis is used.

e Avoid the combination of a tight fit in the proximal part of the socket and a loose fit distally which may
cause restrictions in the venous and lymphatic systems leading in many cases to produce edema.

e Ensure soft indentations and avoid sharp switches between tight and loose areas. A smooth surface that
produces gentle external pressure on the tissue provides mechanical help to return blood to the venous
system.

2.1.3 Pressure-tolerant and pressure-sensitive areas

Although the majority of the stump areas are considered as pressure tolerant, some are very sensitive and
cannot support any pressure, in particular, the bony prominences areas. These areas are illustrated in Figure
6a and Figure 6b for transtibial and transfemoral stump respectively.
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16- Lateral Flare of Fibula G- Fibular Head 14- Distal End {for TSB 5- Distal End of the Femur
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18- Popliteal Area 8- Distal End of Stump 7- Pubic Tubercle

9- Medial Femoral Condyle 8- Surgical Suture

10- Lateral Femoral Condyle

(a) (b)

Figure 6. (a) pressure-sensitive and pressure-tolerant areas for the transtibial stump. (b) pressure-sensitive and
pressure-tolerant areas for the transfemoral stump
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To design a well-fit socket, it is very important to identify these areas for each amputee, since there are
interindividual differences in the amount of tolerated pressure for each zone, as well as other differences
related to specific features of each stump, such as local skin injuries or infections that are added to the
pressure-sensitive areas.

2.1.4 The conventional fabrication method

The current design and fabrication method of the socket consists of applying some geometrical
modifications to the stump replica in order to shape the internal surface of the socket. The stump’s replica
often consists of a plaster mold created from a negative cast. We’ve followed the whole process in detail at
ELIMED Orthopedic center, Beirut, Lebanon. The whole followed process consisted of seven main steps;
each one takes 2 to 3 hours with around a couple of days between each step. The process is described in the
following paragraphs.

Lamination of the socket J—

Patient’s

atisfaction? Trial session

Final Socket

Socket rectifications J—

Figure 7. The steps of the conventional prosthetic socket fabrication method

Step 1. Liner selection and creation of a negative mold:

After receiving the patient, the process begins by selecting the appropriate liner. The prosthetist measures
the circumference at the center of the stump to select the liner size accordingly. The patient is then asked
to wear the selected liner to evaluate its length and cut any excessive part.
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The prosthetist then uses the palpation method to inspect the stump and examine its structure: the quantity
of muscles, fat, and the bony prominences. He wraps the stump with a PVA bag and marks the key areas
(Figure 7a).

Meanwhile, the assistant prepares the plaster mixture. Once it is ready, the prosthetist starts to cast the
plaster on overall the stump in order to create the negative mold. Pressures may be applied to some areas
of the cast to create the primary modifications of the stump surface (Figure 7c). The plaster cast is left for
few minutes to harden enough before removing it with the PVA bag, then it is conserved in a secured place
for a couple of days to completely harden and become ready for the next step.

Step 2. Positive mold:

The plaster mixture is prepared and then poured inside the negative mold (Figure 7e). The PVA bag
covering the inner surface of the negative mold will later play the role of a mold release agent preventing
the poured plaster from bonding with the negative mold.

Tens of minutes later, the plaster becomes hard enough and the negative mold is removed and destroyed
(Figure 71). The positive mold is thus formed and kept in a secured place couple to three days to dry out.

Step 3. Modification of the positive mold:

In this step, the positive model is manually reshaped in order to shape the inner surface of the socket in a
way that will provide the intended pressure distribution on the socket-stump interface during the prosthetic
use. As described in 2.1.4, these modifications consist of tightening the socket in the pressure-tolerant areas,
which is done by removing plasters in the related zones of the mold (Figure 7g), and loosening the socket
in the pressure-sensitive areas, which is done by adding up some plasters (Figure 7h).

Finally, the prosthetist removes few millimeters of plaster from overall the mold to provide total contact
between the socket and the stump. Note that all the applied modifications are manual and the
removing/adding-up amount is estimated by the prosthetist based on his experience and intuition. The
modified mold is kept once again in a secured place for a couple of days so the added plaster will completely
dry-out.

Step 4. Socket lamination:

This is the step where the socket body is created. The modified mold is fixed vertically on a bench vise with
distal extremity upwards and rapped by PVA bag prior to the lamination step to separate the plaster cast
and the socket body (Figure 7i). Any accessories that should be included in the socket are added in this
step; in our case, an expulsive air valve has been fixed to the mold (Figure 7j) since a pin-lock with an air
expulsion suspension system was used for this socket.
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The socket in ELIMED Center is created from knitting “perlon” stockinette as reinforcement layers and
acrylic resin as a matrix. The prosthetist starts to wrap with multiple layers of “perlon” to give the socket
its thickness (Figure 7k). A final layer of PVA is finally used to wrap the whole system. This PVA layer is
moisturized with few sprinkles of water to make it flexible. A vacuum pump is used to create a negative
pressure inside the flexible PVA layer to keep it tight while a resin and hardener mixture is poured inside
(Figure 71). Thanks to the constant negative pressure created by the vacuum pump, the mixture will be
absorbed by the whole perlon stockinette (Figure 7m). The mixture starts an exothermic reaction to form
with the perlon the hard body of the socket. The system is kept for 2 days to complete the reaction. This
reaction can be accelerated by applying heat using a heat gun.

Step 5: final touches:

A positive plaster mold wrapped with hardened resin is now produced. The prosthetist removes the product
from the bench vise, cut it from the proximal side, and remove the plaster from inside. Thus, the socket
body is now obtained.

The proximal brim of the socket is manually marked (Figure 70) by the prosthetist, then cut with a saw to
form the socket edge which is smoothened along with the socket surface using a sander (Figure 7p).

Step 6: trial session:

The socket prepared in the previous session is assembled with the other prosthetic components (pylon, foot,
and accessories) to be tested and check whether it matches the patient’s expectations. Two types of tests
are usually performed to evaluate the fabricated socket: a static test where the standing-up, and a dynamic
one consisting of trying to walk while wearing the device. Any pain or discomfort felt by the patient is
verbally reported. According to the patient’s feedback, the prosthetist estimates the rectifications that should
be applied. Sometimes, discomfort can be solved simply by calibrating the alignment of the socket with the
pylon, but most of the time, it requires geometrical rectifications that will be applied in a separate session.

Session 7: socket rectifications:

The socket shape is rectified in the current session based on the verbal feedback of the patient in the previous
one. The applied rectifications may include adjustment of the socket brim, applying heat with a heat gun to
soften the socket and reshape its surface, or adding thickening pads inside the socket.

An additional trial session should follow the rectifications’ step to validate the applied modifications based
on the patient’s feedback once again. A repetitive rectifications-test process may be required until achieving

the patient’s satisfaction.
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2.2 Solutions for low-Cost prostheses

An earlier attempt to fabricate a low-cost prosthetic leg was reported in 1986 [56] where a very simple,
cheap, and almost maintenance-free below-knee prosthesis has been studied. The proposed solution consists
of a simplified prosthesis without a forefoot. This idea was inspired by the fact that patients with forefoot
amputation can walk quite well, even if the gait is not normal, and the foot of this simple prosthesis imitates
their stumps. Therefore, these prostheses are unable to provide a normal gait to their users and thus they are
not suitable for many applications. As for the socket, it’s similar to the standard PTB socket but without
Pe-lite or other liner so that there is no need for replacement. Another approach to lower the prosthetic
production cost is based on the pressure casting technique (PCAST) [57] which does not require skilled
labor. However, this PCAST socket is a TBS that is not suitable for all lower limb patients as pre-discussed
in section 2.1.1. In fact, this method was tested on 13 participants, 5 of them rejected the socket and
withdrew from the study because of discomfort. The statistical study has shown no significant differences
between the pre and post PCAST socket.

[de Alderete-Keaney-Donoghue2016]

Exo-Prosthetic
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[ooreing. ‘ ¢ IWOI_E\') —'> %
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[Zagel-Huber-Stimuth-Obermeier-Bodendorf2017]
Figure 8. Examples of existing low-cost lower limb prosthetic solution: (a) below-knee prosthesis without forefoot
[56]; (b) PCAST prosthetic socket [57]; (¢) “Jaipur Foot” workshop; (d) exo-prosthetic limb; (e) adjustable low-cost
prosthesis [61]; (f) lower limb prosthesis fabricated from plastic waste [62]

(f)

A review of prosthetic technologies made in 2010 [58] has referred to 115 research papers and investigated
the fabrication techniques of each part of the prosthesis has been reviewed and investigated, including the
socket and the suspension system and all related design and realization technologies ranging from the
simple and low-cost one to the sophisticated CAD/CAM systems. However, the author reported that all
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current technologies are still dependent on the training, education, and experience of the prosthetic clinician.
Besides, this investigation revealed high failure rates of the accessible lower limb prosthetic technologies
in developing countries. The failure is defined as non-use or breakdown. For instance, the failure percentage
of the products produced by "Jaipur Foot" (www.jaipurfoot.org) is up to 58%. "Jaipur Foot" is an Indian

enterprise that offers prosthetics or artificial limbs, calipers, and other physical aids and appliances. This
firm provides very low-cost prosthetic devices for the amputee fabricated by following the conventional
method itself. The low prices of their products are thanks to the donations of many, from India or abroad,
which covers about 60% of the budget. Roughly 30% of the budget is in the form of government grants,
and the remaining 10% is met by their income on the corpus built up over time.

Exo-Prosthetic is a lower limb prosthesis expected to be cheap, affordable, and aesthetically beautiful. It
has been reported in press articles in 2014 (https://newatlas.com/exo-prosthetic-leg-3d-printing/35297/).

The related articles mentioned the use of the "FitSocket" technology developed by MIT to capture leg tissue
properties for numerically customized socket and therefore an increased comfort between the residual limb
and socket. "FitSocket" is a device designed to measure the elastic properties of stump soft tissues based
on mechanical indentation. It has been described and explained in the paper published by "Arthur Joseph
Petron" in 2016 [59]. Later, a stump modeling approach has been described based on the measurements
performed using this device [60]. As yet, the main focus of the studies is put on the stump modeling,
whereas the complete process to realize Exo-Prosthetic leg is yet not achieved.

Simplified design and low-cost materials have been also studied to lower the price of prosthetic devices.
For instance, a very simple adjustable device was inspired by the traditional prosthetics that have been
designed as minimal functioning limbs in the form of hooks, sticks, and crutches [61]. This approach
focuses on the simplicity of the product and is based on a plurality of extendable segments configured to
adjust the length and manipulate the thickness of the prosthetic limb. This invention has received a patent
in the United States in 2016. On the other hand, Zagel et al. [62] (2017) proposed to use plastic waste to
fabricate the prosthesis, e.g. from cups and bottles, which are processed into pellets and further processed
into printable filaments using an extruder, and a FE simulation has been performed to validate the strength
of the used material. The prosthetic design problem was out of the scope. Webber et al. [63] proposed a
simple socket with an air-cooling channel to solve the stump overheating issue, and a related prototype has
been 3D-printed.

Many other existing academic and commercial projects focus on lowering the cost of some specific parts
of the prosthesis, such as low-cost prosthetic feet [64-65], prosthetic knees [66-67], and even low-cost
modular lower part of the transtibial prosthesis [68]... etc. But as yet, no similar projects are brought to
light for the prosthetic socket in particular. The socket is the most critical part of the prosthetic, and it is the
one that consumes most of the fabrication’s time and resources. Therefore, a low-cost prosthetic solution
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that does not deal with the socket design and fabrication problematic would not effectively reduce the cost
of the overall product.

2.3 Review on prosthetic CAD/CAM solutions

THE prosthetic CAD/CAM field attracted the interest of many researchers in the past two decades,
however, it was and still is not an easy task to completely switch from the manual to a computer-aided
method. One of the simplest ideas was to 3D-scan the modified plaster replica of the residual limb [69] and
then process it to generate the socket model which will be 3D-printed. Since the plaster mold consists of
wasted material that is not included in the final product, customized pads have been proposed [70] to be
pasted on the stump surface to add volume to the pressure-sensitive zones. The limb (with the pads) is then
duplicated using a vacuum tool, and the obtained replica is 3D-scanned to generate the numerical model of
the socket surface.

On the other hand, fully computer-aided prosthetic production systems were also proposed [71-72].
Usually, such a system starts by digitizing the residual limb using medical imaging techniques [71] or even
a handheld 3D-scanner [72]. The scanned model is then reshaped and processed using CAD tools to create
the socket model, which will be 3D-printed at the final stage. The reshaping process usually follows the
same rules of the conventional prosthetic socket design: the pressure relief areas of the stump model are
extruded outward and pressure tolerant areas indent inward. The design methodology is therefore still
manual and based on the subjective interpretation of the designer. This approach does not show a reliable
advantage over the conventional method. In fact, results of [72] reported the rejection of the fabricated
socket prototype by the volunteering patient as they felt pain somewhere in the stump. The socket model is

then rectified until receiving the patient’s satisfaction.

Colombo et al. in 2013 [73] developed a virtual environment to design a complete lower limb prosthesis
based on a virtual avatar of the patient. The avatar is created using LifeMOD software based on the
anthropometric data of the patient. The stump model is created from medical imaging data (obtained from
MRI scan) and then linked to the patient’s avatar. Typical biomechanical parameters extracted from the
literature are applied to the stump model. A socket design platform is developed to design the socket using
the same rules of the conventional method, and guided by the outcomes of a static FE analysis of the
stump/socket interaction during standing configuration (half of the patient weight is applied to the socket).
The patient’s avatar is then used to select the sizes and types of other prosthetic components from an
integrated library of existing commercial components, and gait analysis has been performed based on the
patient’s recorded motions (using Microsoft Kinect cameras) to calculate the joints and muscles forces.
These forces are applied to the socket model in a dynamic FE-based simulation to predict the pressure
distribution on the stump surface [74] during the gait. The authors reported the satisfaction of the specialists
involved in the study in this study, and experimental validation has been made later in 2016 [75], where the
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results of the simulation of the socket/stump interaction during the standing configuration are compared to
measured contact pressures in the socket/stump. These steps made up a complete prosthetic design system
which has been fully described later in 2019 [76].
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Figure 9. Literature examples of the proposed prosthetic socket CAD/CAM systems [69-73]

Recently, machine-learning-based solutions have been applied to generate the socket model for a given
stump [77-79]. The learning database consists usually of pairs of the pre-fabricated socket and its stump,
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combined with the experience level of the related prosthetists [77] or even patient-related parameters [78].
The statistical shape model (SSM) has been also applied [79] to generate a parametric model of the socket.
This model parametrizes the shape of the socket for a given stump and predicts the interaction stresses
between both of them based on the learned database that includes FE simulation results. The second part of
this project [80] introduces the generic algorithm which is applied to the parametric model to find the
optimal solution. In fact, the system shows multiple possible solutions based on some parameters, and the
final decision is kept for the prosthetist. This work presents the first socket design parametrization so far.
However, the SSM does not provide access to perform local modifications to the stump model where

necessary.
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Figure 10. Examples from the literature of machine-learning-based socket design methods [77-79]

The literature accommodates other approaches such as the introduction of computer-manufactured inserts
inside the prosthetic socket to replace the manual surface modifications [81], or even more sophisticated
systems such as Variable Impedance Sockets [82-83]. Despite the reliably of the latter approach, it’s very
expensive, and therefore, it is unfavorable to a low-cost prosthetic solution.
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2.4 Review on the components of the prosthetic CAD/CAM

2.4.1 3D scanning of the residual limb

Measuring the shape of the residual limb by a geometrical 3D-scan could be an important step in a digital
prosthetic design method, since the socket design is very dependent on the unique parameters of the residual
limb, including its geometrical shape.

Portable Kinect camera Portable laser scanner Magnetic resonance imaging (1

[Regazzoni2019] [Seminati2017]

Turnable ultrasound system

[Ranger2019] [Ramasamy2018]

Figure 11. Examples from the literature of the used 3D-scanning techniques [76, 97, 103, 110]

One of the early attempts to determine the volume of the residual limb has been carried out by Fernie et al.
[84] in 1978 using a water tank. Other authors used the same approach or a tape measure to determine the
stump’s volume [85-86]. With the introduction of the CAD/CAM systems, a new method for limb volume
measurement came to light, using digitizers to create a virtual 3D model of the stump [87-88], and non-
contacting laser scanners have been introduced in this field [89-93]. Recent advances in optical scanning
have led to short-cuts for topology and shape optimization [94], which is necessary because of the difficulty
of securely mounting the residual limb during the scan [95]. Recently, portable laser scanners have been
used and investigated by many authors in the prosthetic application [70, 96-97]. Potable low-cost RGB-
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Depth sensors such as Microsoft Kinect cameras were also used to create the 3D model of the residual limb
[73-74]. Another proposed approach used a fixed camera to capture the images of the limb of the patient
placed in a turntable, with image processing to produce the stump 3D model from the captured frames [98].

While a 3D geometrical scan provides geometrical data of the external 3D surface of the residual limb,
many other authors considered the need for a volumetric scan to capture its internal anatomical details. This
has been achieved using Medical Resonance Imaging (MRI) or computerized tomography (CT) techniques
[59, 99-103]. Medical imaging is also combined with an optical geometrical scan for a more accurate 3D
shape with anatomical details [69].

Medical imaging solutions allow capturing a detailed level of information related to musculoskeletal
geometries. However, its main drawback is the high cost, making them unfavorable to be integrated into a
complete low-cost prosthetic design and fabrication process. Another disadvantage is the risk of human
body exposure to the ionizing radiation with CT modality [104]. An alternative low-cost and safe solution
for a detailed volumetric scan is the ultrasound imaging techniques [105-107]. This approach often consists
of a rotating ultrasound emitter and receiver that also moves according to the vertical axis. However, the
scanning procedure using this technique is relatively long and takes several minutes to be completed, which
may involve involuntary limb movement or muscles’ contraction during the scan process. Camera-based
motion compensation has been proposed as a solution to this issue [107-110].

2.4.2 Measurement of biomechanical parameters

Biomechanical data, such as soft tissues elasticity parameters, and other physical characteristics, gained the
interest of many researchers and are included in the stump digital model. In the current artisanal practice,
soft tissue stiffness is evaluated by the prosthetist by manual palpation [111]. For a prosthetic CAD process,
numerical values are needed. Some researchers used estimated values extracted from the literature
[73,100,103], whereas others attempt to measure them directly from the patient’s stump. The widely used
technique to quantify the soft tissue characteristics is the mechanical indentation which consists of indenting
the examined material until a certain pressure is formed, and then finding the relationship between the
displacement and the formed pressure. Fischer [112] was the first to propose a device to quantify the
palpation objectively using a force gauge. Biomechanical indentation has seen increasing research focus
throughout the last two decades [113-114]. The biomechanical indentation of human tissue in vivo can be
split into two categories: passive and active.

Passive indenters are generally hand-held devices used to collect hyper-elasticity and/or viscoelasticity
related data through medical imaging techniques [115], elastography [116], or even by using pressure
sensors mounted on the indenter device [117-120]. Active biological indenters are robotic or actuated
devices that are either mounted to an actuated arm [121] or a static base [119,122-125] (Figure 12a). One
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of the recent researches in this field was the one carried out by MIT developing an elasticity measuring
device called “FitSocket" [59] (Figure 12b).

(a) () .
Figure 12. Examples of limb measurement devices: (a) Active biological indenter mounted in a static base [125];
(b) FitSocket device [59]

The main limitation of passive indenters is the inability to control force and position referenced to the
residual limb which may limit the reliability of the collected data. In contrast, active indenters can control
their position accurately.

2.4.3 Stump/socket interaction measurement

Quantifying the actual stresses on the stump-socket interface during the prosthetic use helps to make an
objective post-fabrication evaluation of the socket. Inappropriate pressure distribution can generate many
discomforts, and high local pressures applied for a long time to the skin may cause skin problems. As the
relationship between stresses and discomfort depending on the subject’s weight, endurance, residual muscle
tonicity, and lifestyle [77], identifying pressure threshold values can be the first step to reduce a potential
discomfort [12]. Many researchers attempted to measure these thresholds [123-130], however, standard
threshold values are not available yet, especially because they depend dramatically upon the unique features
of the patient residuum and its status.

Since the late 1960s, a variety of force transducers have been developed to map the pressure distribution
during/after socket design to assess and improve the socket fit and comfort [131]. One of the main
challenges is selecting suitable transducers for the specific experimental and clinical environment and
choosing the suitable mounting technique [132-133].

Four main types of sensing elements are reported in the literature and used for the quantification of the
stump-socket interaction stresses: strain gauge, piezoresistive, capacitive, and optical-based sensors.
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Figure 13. Examples of pressure sensors: (a) traditional strain gauge [134]; (b) three common types of FSRs:
Interlink, LuSense, and FlexiForce [141]

Strain Gauges (SGs) are devices used to measure strain on an object. They consist of small patches of
silicone or metal (Figure 13a) with variable electrical resistance in function to any applied mechanical
strains [135]. This type of transducers has been widely used in many applications [136], and was introduced
in lower limb prosthetic applications in the 60s [136], and then widely used by other researchers in the
following years [95,137-138]. SGs are simple, highly sensitive, and light-weighted, and can be used as a
piston-type transducer to measure both normal and shear stresses. However, they are very sensitive and
susceptible to humidity and heat changes [139], and they require a relatively big amount of power to operate
[133,140]. Besides, their stiff backings cause stress concentrations at the sensor edges especially at the
anatomically curved areas [136].

Researchers usually prefer to use piezoresistive transducers because they are thin, flexible, and easy to use.
One of the popular piezoresistive sensors in this field is the Force Sensing Resistor (FSR) [141]. FSRs can
be made in various shapes and sizes (Figure 13b), and thanks to their small size and thinhood, they can be
mounted on the surface of the socket. They are very simple and easy to use and don’t require any
sophisticated electronics to operate. However, this type of sensors can only measure the normal contact
force and may exhibit drift during the use inside the socket, as well as hysteresis effect and high sensitivity
to temperature.

A low temperature-sensitive alternative solution is the capacitive sensor, which consists of a dielectric
material placed between two parallel conductive surfaces. This sensor provides a measurement by either
changing the overlapping surface area between the two conductive surfaces or by changing the distance
between the two conductive surfaces [135]. These sensors have been introduced in the prosthetic
applications and can be installed either inside or outside the socket wall [142-145]. Since these sensors can
be placed embedded inside the socket, no noticeable drift is exhibited during the dynamic measurement of
the stump-socket interaction. They also need very low energy for operation. But on the other hand, like the
piezoresistive sensors, this kind of transducers provide only the measurement of direct uniaxial pressure.
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Later, triaxial capacitive sensors have been reported but they were expensive, and on the other hand, they
were rigid, which does not comply with the limb geometry [137,146]. Another drawback of these
transducers is their susceptibility to crosstalk noise, especially when arranged in a mesh configuration and

therefore require relatively sophisticated electronics to filter out this noise [147].

Another type of existing pressure sensor used in the medical field is the Fiber Optical Sensors (FOS) [148].
They are used in many applications to measure the strain [149-150], pressure [151], force [152],
temperature [153], and even refractive index [154]. This type of sensor has been used in prosthetic
applications in the last decades [155-157]. The capability of these sensors to measure the stump-socket
interface pressures in-situ was first investigated by Donati et al. in 2013 [158]. Later in 2015, the same
researchers improved the sensor design so it can be inserted within prosthetic sockets to provide an overall
impression of the overall pressure distribution [159]. Optical sensors have shown the ability to measure
both normal and shear stresses [160] and they attracted many researchers for their durability, high
sensitivity, and immunity to electromagnetic interference [161-162]. These sensors, however, are
susceptible to electromagnetic interferences, and their full operation might be hampered in case of any

damage to the optical fiber or optoelectronic components [161].

As for the mounting techniques, literature shows that transducers can be mounted using different
techniques: transducers mounted on socket wall, transducers inserted in the socket, and transducers

embedded in the socket wall (Figure 14).
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Figure 14. Transducer mounting techniques: (a) transducer mounted on socket wall through a drilled hole and the
piston extended to be in direct contact with residual limb skin; (b) the same mounting technique with a slight difference
that the piston is flush with the inner socket face and does not penetrate the liner; (c) transducer inserted inside
prosthetic socket; and (d) transducer embedded in the socket wall [163].

The transducers mounted on the socket wall (Figure 14a,b) were used for the first time by Appoldt et al.
[136] and widely investigated and used in the last five decades [95,164-166]. to measure the pressures in
transfemoral sockets. Usually, a strain gauge (SG) is the kind of sensors used in this mounting technique,
which can measure both normal and shear stresses. The main drawback of this technique is the need to

28



modify the socket by making holes to place the sensing elements, as well as the bulkiness of the strain
gauges that adds weight to the socket and alter the gait cycle and affect the accuracy of the interaction
guantification. On the other hand, this technique provides stress measurements in the local areas where the
sensors are placed and dismisses the pressures in the areas in between. To overcome the drawbacks of the
SG-based technique, thin pressure sensors (piezoresistive, capacitive, or optical-based sensors) can be
inserted inside the socket, between the socket and the liner, or sometimes between the liner and the stump
(Figure 14c). This technique does not require socket laborious modifications and can provide continuous
measurement for the whole surface using a sensors’ array, such as the F-Socket system [167]. However,
the sensor placed inside the socket may exhibit drifts during the dynamic tests, therefore, some researchers
studied an alternative mounting technique where the sensor is embedded inside the socket wall (Figure
14d). It is a technique developed by researchers from the Centre for Applied Biomechanics (CAB) at the
University of Malaya, Malaysia, by introducing Fiber Bragg Grating (FBG) sensors in the socket wall
during socket fabrication. These FBG sensors are highly sensitive to dynamic loads and thus they can
translate the received internal strain of the socket wall into internal pressure by inverse problem analysis
approach [168].

2.4.4 Stump/Socket interaction simulation

It is assumed that the simulation of the interaction between the socket and the stump is able to enhance the
ability to numerically design prosthetic sockets [16]. This consists of simulating the static (i.e. standing
posture) or dynamic (i.e. gait cycle) interaction between the stump/socket system to predict the load
distribution in terms of pressure and shear stress at the stump-socket interface during the prosthetic use and
to evaluate the wearability of the socket by verifying the presence of dangerous undercuts that may cause
large tissue deformation during the donning phase [16]. These results will provide an objective way to
assess the socket design and guide the optimization of the socket shape.

Usually, Finite Element (FE) -driven simulations are used in this field as reviewed in [170-171]. FE
method has been identified as a potential method for prediction and evaluation of the load transfer between
the stump and a socket. It allows to examine the stresses in the entire residual limb including the surface
and internal tissues and predict the load transfer prior to socket fabrication. Many researchers in the last
decades have studied the FE method to simulate both the transfemoral [172-175] and transtibial cases [176-
178]. Generally, the finite element analysis includes two separate steps. The first one simulates the residual
limb donning into the socket to obtain the preliminary contact pressures between the two objects, and the
second one, after the first step, starts by applying some load to the socket. In some researches, this applied
force is equal to half of the patient weight mimicking the standing configuration [74, 80, 104, 179-180],
whereas in other works, it is a dynamic force mimicking the applied load during the gait cycle [73,181,
182].
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Figure 15. Examples from the literature of FE simulations of the stump-socket interaction [178.179,181,182]

The modeling of the stump/socket system is not a simple task since there are many critical conditions to be
considered, such as the non-linear elastic property of the biological stump soft tissues as well as the hard
contact conditions due to the irregular geometry of the stump surface. It has been reported that both the
mechanical properties of the residual limb and the socket model are important for reliable simulation results
[183]. The human limb is not a simple object showing very complex anatomy consisting of a variety of
inhomogeneous material such as the dermal layer, the soft tissues including fat and muscles, bones, tendons,
nerves, and blood vessels... etc., and each part has complex physical and biomechanical properties. Some
researchers modeled the entire volume of the stump soft tissues (excluding the bones) as a homogeneous
non-linear hyperplastic deformable material [172, 184], others used the non-linear viscoelastic model [185],
whereas some developed a detailed model based on MRI data [104, 186]. Most of the FE studies simplify
the stump soft tissues as a homogenous linear elastic material [73, 171, 180, 187-190]. Colombo et al. [191]
verified the use of the simplified linear model by the fact that it gave them similar results compared to the
hyperplastic model with the potential energy of deformation expressed by a second-order polynomial, but
its calculation time was 400% faster.

2.4.5 Socket modeling

Many researchers work on developing CAD tools to design the 3D model of the prosthetic socket. In
general, the modeling approach is based on the design rules of the conventional method, where the socket
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is loosened in the pressure-sensitive areas and tightened in pressure-tolerant ones. Many are still doing this
manually rather by using commercial CAD software [192-194] or by implementing dedicated tools for this
application [195-196]. The CAD approach is still manual and based on subjective evaluation and the
personal expertise of the specialist. Sometimes, these tools are assisted with FE-driven simulations’ results
as numerical objective feedbacks [74, 191, 194]. Knowing that the FE simulations require high
computational cost and take a long time to be performed, the practicality of this solution and the design
time is generally not reported. Recently, automated socket design methods were proposed and studied,
either by using a predefined relationship between the geometrical operations and patient-specific
parameters [77] or by using previously fabricated sockets as dataset weighted based on the design
experience of the prosthetists [78]. A single work found in the literature provided a parametrization of the
socket design is the one carried out in 2019 by Steer et al. [79] where the Statistical Shape Model (SSM) is
applied to estimate the socket shape as well as the contact stresses between the socket and the stump (based
on a machine learning system) without performing an FE simulation, and a genetic algorithm is applied to
show possible solutions [80]. The selection of the final solution is to be done by the specialist, without
possible access to local modifications when needed. It is important to note that the SSM approach provides
a parametrization of a global shape estimated from a learning data-set, preventing a highly customized
design that takes into consideration the unique features of each stump including, for instance, the local skin
injuries and sensitivity.

2.4.6 Rapid prototyping

The prosthetic field witnessed the use and investigation of low-cost rapid prototyping additive
manufacturing (AM) technologies also known as 3D-printing. The AM for a prosthetic was conducted by
Rovick et al. [197-198] in the early 1990s. 3D-printing became the widely used solution for computer-
aided-manufacturing of the prosthetic socket proposed by researchers and commercial orthopedic and
commercial systems. Rogers et al. [199] provided detailed reviews of the prosthetic socket 3D-printing
before 2007 and had integrated the compliant socket technology in a test to measure contact pressure.
Another review has been made by Chen et al. [200] in 2015 in the same context.

Literature researches exhibit that the most popular method used for prosthetic 3D-printing is fused
deposition modeling (FDM) thanks to the strength of the material it can produce [201]. Though the printed
sockets are still week and relatively fragile which prevents them to be considered as a final ready-to-use
product, that’s why they are generally used as prototypes in preliminary fitting tests with patients [19]. To
combat the strength issue of the 3D-printed parts, some researchers coated them with a fortifying resin layer
[70, 202]. The selective laser sintering (SLS) is another 3D printing technology used in prosthetic socket
fabrication [199, 203-206]. Whereas SLS technology provides more accurate product and rapid
manufacturing, it is more expensive than FDM technology.
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The 3D-printing is the widely used computer-aided manufacturing (CAM) technique to realize a
numerically designed prosthetic socket. One of its benefits is that it allows adding any interesting
affordances to the socket such as cooling channels [63]. Another benefit is its wide range of material
selection showing a variety of material characteristics and properties [207].

2.5 Discussion

The field of prosthetics dramatically evolved in the last decades, but still, many amputees reject their
prosthetic devices due to socket-related issues, as discussed previously. Since the problem resides on the
currently applied socket design approach that is mainly grounded on the prosthetist’s experience, with poor
attention to quantitative, many researchers are working toward an alternative numerical-based approach,
involving computer-aided design (CAD) and computer-aided manufacturing (CAM) techniques.

CAD/CAM of prosthetics has been available since the 1980s though acceptance has been slow [199]. Still,
very few researchers studied a complete numerical socket design process. And generally, such projects did
not yet rise to a clinically practical level. Most of the proposed solutions, as well as the existing commercial
CAD/CAM solutions, such as Create O&P (https://www.createoandp.com/), Canfit™ O&P
(https://vorum.com/canfit-op-cad-software/), and Rodin4D (https://www.rodin4d.com/), provide CAD

tools for the manual design of the socket by manually manipulating the 3D shape of the scanned residual
limb. However, these systems do not offer any kind of assistance to the prosthetists. All the decisions and
actions are taken based on their experience and personal skills, and so multiple trial/rectifications sessions
are still required. Thus, the two main problematics of the current socket design practice, which are the time-
consuming iterative modification process and the high dependence on the know-how of high-cost expertise,
are not yet resolved. Several researchers studied the possibility of measuring the stump-socket interaction
by different types of pressure sensors [162], to objectively assess a fabricated socket, but this approach
consists of a post-fabrication step which does offer solutions for the design-related problematic. The
outcomes of FE simulations were introduced as numerical feedback of the socket design for the sake of
objectivity [75, 190, 193], and also introduced in a complete virtual platform for prosthetic design [72-74].
However, the simulations’ speed, the processing time, and the practicality of this approach were not
reported, knowing that the FE simulations are usually expensive and sometimes take forever to be
performed. Recently, the machine learning approach has been introduced [78, 79, 124, 196] to estimate
either the shape of the socket or even the stump-socket interaction stresses without the need for simulations.
This provides a fully numerical approach for the socket design that eliminates the manual shaping step and
the iterative trial/rectifications steps and also provides a lower dependence on the expertise. However, this
approach generally relies on a learning database consisting of sockets fabricated using the conventional
method that were not subject to an objective evaluation. Moreover, the parametrization of the socket shape
using SSM [78-79] does not provide a detailed model for the socket design that includes every possible
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local modification, because the SSM provides global parametrization based on the most influential Principal
Components (PC), ignoring all the other PCs that have a small influence to the overall model shape.

The current thesis is an attempt to fill the gaps exhibited in the state-of-the-art. We are going to propose
and investigate a complete digital socket design workflow that consists of the three mains steps: scan of the
residuum, stump modeling, and socket design (Figure 2).

The proposed approach will maintain the same conventional rules related to the socket surface shaping
starting from the scanned replica of the stump. However, whereas no numerical standards are yet established
to rule the designing process, and the final socket evaluation is often dependent upon the patient’s subjective
feedback, we are going to postulate analytical constraints as a numerical definition of the well-fit socket
shape. Consequently, the socket design problem is transformed into a Constraint Satisfaction Problem
(CSP). These constraints will be the base of a numerical design assistant, for a real-time calculation of them
during the shaping process will provide real-time numerical feedback to objectively assess the designer. A
fast calculation is possible thanks to the use of a simple Mass-Spring -based system instead of the Finite
Element approach to model the residual limb, along with an inverse stump-socket interaction calculation to
eliminate the expensive contact formulation that slows down the calculation.

The overall process will be completely based on the virtual replica of the patient’s stump including its
geometry, physical properties, and even the distribution of the pressure-sensitivity on its surface. The
dependence on the skills of a specialist is thus reduced significantly, and the socket design provided by the
system, proposed in this project, is highly customized to the patient’s stump. The design time is reduced

from several days [46] to nearly half-hour.
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Modeling of the Stump Soft-Tissues and
Stump-Socket Interaction

Chapter 3.

A prosthetic CAD process is mainly based on the virtual model of the patient’s residuum. This model is
usually used to calculate the socket-stump interaction and predict the interaction stresses in the residual
limb surface as a numerical indicator of the socket fit-quality. Generally, the Finite Element Method (FEM)
is used for this purpose. One of the main drawbacks of this method is its high computational cost, making
it very difficult to perform fast calculations during an interactive or even automated design process. In this
chapter, we introduce previously employed physically-based models in the topic of soft tissue modeling for
biomedical simulations, and then we propose a new modeling method based on the Masse-Spring System
(MSS) for fast soft-tissues deformation. A discrete collision detection (DCD) algorithm is also introduced
for the stump-socket contact modeling. A comparison between the outcomes of this model and those of the
FE are compared for validation.

3.1 Simulation of deformable objects in biomechanics

In the mechanics of materials, deformable objects are objects that exhibit a change of size or shape when
are subject to a mechanical load. Deformable objects can be defined generally in terms of linear and non-
linear stress-strain relationships, meaning that their behavior is linear if the body undergoes a small
deformation and strongly non-linear if the body is deformed above the linear limit.

Soft tissues are deformable objects that have several properties such as non-compressibility and
viscoelasticity. Their stress-strain relationship depends strongly on the type of tissue and conditions of the
physical experiments [208]. Usually, the soft tissues are modeled as three-dimensional material for which
non-linear continuum mechanics is used as the fundamental basis [209-210]. Soft tissues behave
anisotropically because their fibers usually tend to have preferred directions. They usually show viscoelastic
behavior, which has been associated with the shear interaction of collagen with the matrix of proteoglycans
[211]. At a microscopic level, they are non-homogeneous materials because of their composition.

The knowledge about the mechanical properties of the human body and the simulation of soft tissues
mechanical behavior are crucial for many fields. The literature review shows several methods used by the
researchers to model the biomechanical behavior of soft tissues: the finite element method, position-based
dynamics, meshless deformations, and mass-spring system.
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3.1.1 Finite element method

The finite element method (FEM), also known as finite element analysis (FEA), is described in detail in a
book of K.J. Bathe [212]. It is the most widely used method for solving problems of engineering and
mathematical models, including those in the medical environment. It computes approximations of real
solutions to partial differential equations (PDE), called basis functions. To solve a problem, the FEM
subdivides a large system into smaller, simpler parts that are called finite elements. The usage of FEM in
medical fields was perfected by the authors over the years. In 1996, FEM is used by Cotin et al. [213] in
the development of a virtual surgical environment. It has been used also in the simulation of breast soft-
tissue deformations [214-217], of foot soft tissues during standing, walking, for insole design, or even for
female high heel shoe design [218-222], as well as in the prosthetic socket design application as previously
described.

3.1.2 Position-based dynamics

Position based dynamics (PBD) was first introduced by Jakobsen [223] in 2001, where a cloth system was
introduced based on constraints to keep particles at a certain distance. The method was described by Miller
[224] in 2005 and then it was given its current name in 2007 [225].

For a discretized object consisting of a set of particles, the PBD, as the name already indicates, works
directly with the positions of those particles instead of their forces. At each simulation step, the new particle
positions are estimated using explicit integration, then some predefined constraints are projected over the
estimated positions to calculate the final positions to which the particles are moved. This approach has been
widely used in the simulation of cloth deformations, hair, fluids, and other deformable shapes [226]. The
advantage of the PBD is its unconditional stability offering the possibility to use large simulation time-
steps. It is a stable and controllable method, perfect to use in virtual environments, where user interactions
are applied. However, it is not physically accurate, since it does not depend solely upon physical properties
and formulations, but also on other factors like the predefined constraints, the time-step size, and the number
of iterations performed by the solver. For these reasons, the PBD is often used in an approximate simulation
of deformable bodies. The PBD outcomes are visually satisfying, that’s why it is favorable in graphics and
video game applications.

3.1.3 Meshless deformations

This approach is based on the shape matching technique, where the energies and forces from the classical
approach are replaced by geometric constraints and distances from current to goal positions respectively. It
was introduced and described by Miiller et al. [224]. Instead of a classical mesh, each object is represented
by a point-cloud. The extended shape matching technique allows us to model the elasticity of material by
pulling the points towards the goal configuration.
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The method is suitable to simulate multiple deformable bodies, but more for gaming purposes due to the
lack of accuracy of the simulation. Such a method is useful especially in the simulation of fluids, but also
to model the plasticity of the material.

3.1.4 Mass-springs-system

Mass Spring System (MSS) is a fairly simple model, incorporating our knowledge about physical laws
based on the continuum mechanics into an uncomplicated system of point-masses interconnected by
springs. In MSS, a deformable body is represented by a set of punctual masses, called nodes, each defined
by its “mass” and its position vector, interconnected together by springs each defined by its “initial length”
and “stiffness”. A damping property could be added to absorb the energy of the system during a time-
dependent dynamic simulation. This system is sometimes noted Mass-Spring-Damper (MSD) system [227].
It corresponds to the Kelvin-Voigt model for linear viscoelastic materials and it is illustrated in Figure 16.

Figure 16. The elastic connection between 2 punctual masses in MSS, with initial length L, stiffness k, and damping
coefficient ¢

Despite its limitations derived from its simplicity, MSS has been widely used to simulate the behavior of
deformable objects in many applications, such as in computer graphics to simulate cloth and other
deformable solids [228-231], as well as for facial expressions [232]. MSS is very simple and easy to
implement and consumes lower computational resources than the FE approach while exhibiting higher
physical accuracy than both the PBD and meshless approach. That’s why it has been eagerly used in medical
applications to model the human soft tissues and in developing virtual surgical environments [227,233-237]
as a real-time performing model. No previous work reported in the literature used this model in the lower
limb prosthetic field.
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3.2 The proposed model (MSS-CYS)

3.2.1 System configuration

Thanks to its simplicity and ability to provide real-time dynamic simulations of the deformable object, we
propose, in the present study, a new modeling approach of the deformation of the residual limb’s soft

tissues and the stump/socket interaction based on the MSS.

While the deformable object is represented by a group of nodes, as previously described in the MSS, the
distribution of the nodes in the volume of the modeled object is managed by the use of the meshing
configuration. Usually, the widely applied configuration is based on tetrahedral meshing because it is
simple to be generated. However, we are going to use the hexahedral configuration for more accurate
physical behavior. Indeed, the mass-spring model with hexahedral lattice has the potential to give a better
response to shear stresses than the tetrahedral one [238]. However, this raw model, illustrated in Figure 17a,
can react correctly to normal compression forces but not to shearing ones, since the springs do not have
shear properties. To overcome this limitation, it’s possible to somehow benefit from the 4 internal diagonals
as well as the 12 faces diagonals of the hexahedral element. The use of these diagonals as elastic
connections, in a well definite way, shows their ability to keep several important properties: the shear, and
the non-compressibility property of the soft tissues. Figure 17b shows a regular hexahedral element with
28 possible elastic connections between its 8 nodes. Note that the hexahedral element is considered as a
linear elastic model defined by its Young’s modulus and density, whereas the viscosity is assured by the
dampers to prevent the oscillatory behavior of the system in a time-dependent simulation.
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Figure 17. (a) Hexahedral MSS model and (b) hexahedral element with the 28 possible connections: 12 edge
connections in blue, 12 faces diagonals in red, and 4 internal diagonals in green

3.2.2 Parameters identification

After having the shape subdivision (meshing) and MSS configuration established, the parameters (the mass
of each vertex, the stiffness and damping coefficient of each connection) of each item in the model are
identified.

37



Mass:

To find the mass m; of vertex i, we used the following formula presented by Deussen et al. [239] as follows:

1
m; ==X pjVY (1)

where H is the group of hexahedral elements to which the vertex i belongs, o and V; are the density and
volume of the hexahedral element j that belongs to H respectively. This equation means that the mass of
each hexahedral element is equally distributed to its 8 nodes. If a node is shared by multiple elements, its
mass will be equal to the sum of the one-eighths of the mass of each of these elements.

Stiffness:

To calculate the stiffness of each spring in the system, we referred to the formulation presented by Golec
[240] in 2018. Referring to the hexahedral element shown in Figure 17b, there are three types of connections
(edges, internal diagonals, face diagonals) with stiffness constants ke, k¢, and ks respectively. The values of
these parameters were identified using the following formulations:

( _ 3Bl _ VBEL
€7 10+ 754 10+ 7.54
1.5AEl 1.5AEl
1k ¢ = ! 2)

F 7104754 y2(10+7.54)
0.754El,  2El,

\ *e=T07754 10+ 754

where E is the young modulus assigned to the hexahedral element, and I is the length of its edge considering
that this is a regular cubical element. A is a parameter to be manually tuned. Golec [240] proved that the
model shows the same results for any given value to A between 0.1 and 100. If a connection is shared by
multiple hexahedral elements, its stiffness is equal to the sum of the corresponding quantities calculated for
each hexahedral element according to equation 2.

Damping coefficient:

To ensure the best behavior consistency for different and combined resolutions [240-243], the damping
coefficient ci, of a spring of index i and stiffness ki connecting two punctual masses mi; and m;; with initial
length lig, is expressed in the following equation:

2\/ ki(mi1+mi2) (3)

C- =
¢ Lio
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3.2.3 Volume conservation

Soft tissues are incompressible materials, i.e. their volume remains constant under external and internal
loadings. For this kind of material, the Poisson’s Modulus tends to 0.5, while the system defined in equation
2 deals only with a Poisson’s modulus equal to 0.25 [238, 240]. To solve this problem, a novel approach,
called MSS-CS (Mass-Spring System Corrective Springs), was developed in this study. In fact, additional
springs, named “Corrective Springs” were integrated to the MSS model. Thus, the proposed configuration
consists of adding, in parallel with the internal diagonal springs with stiffness k. and initial length I (resp.
the face diagonal springs with stiffness ks and initial length Is), new springs having stiffness £’; and initial
length 2°c (resp. stiffness &’t and initial length 7’5). Constitutive equations of our MSS-CS are based on two
conditions, which are described below:

Condition 1: The initial lengths of these additional springs are greater than the initial geometric lengths
as follows:

.
=g with a>1 4)
le I

This condition allows added springs to be always extended to conserve the volume (Figure
18).

Condition 2: The stiffness of each of these springs is calculated in terms of the volume variation as
follows:

v = (5)

with Vg and V. are the initial and actual volume of the hexahedral element respectively.

The corrective spring’s stiffness is defined as follows:
k'y = k'c = CEl,(6v)* (6)
with C and A are constants to be identified.

Supposing that the hexahedral element is regular, i.e. a cube, then:

le =V, (7

Therefore:
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Finally, our proposed model is then defined by the equations 2, 4, and 8, with four constants A, &, C and 4
to be determined. By applying manual tuning on a simple cubical element, the obtained values of these
constants are: A=0.5, aa = 1.4, C = 25, A=2.

!
° O

Figure 18. Cubical elastic object subject to normal compression pressure: (a) Compressible material modeled using
MSS without corrective springs. (b) Uncompressible material modeled using MSS with corrective springs performing
horizontal expansion to conserve its volume

3.2.4 Simulation algorithm

Let N be the total number of vertices in the MSS-CS model. Two types of forces are applied upon each
vertex of index i: internal forces noted F'n, applied by the related elastic connections and known to be
equal to (K'U* + C'UY), and external forces, noted F'ex (Where K' is the stiffness matric, C' is the damping
matrix, U' is the displacement vector and U* is its derivative). Let M' be the mass matrix of the vertex i,
and A its acceleration vector which is known to be equal to the second derivative U of the displacement
vector. Therefore, according to the second law of Newton, the equilibrium equation is defined as follows:

K'U'+ C'U + Flyy = MUY 9)

Integration is to be applied to solve the differential equation 9 and then find the new position of the vertex
i in each simulation step At. We chose the implicit Euler integration method that gives a more stable
simulation than the explicit one. A first-order linearization is performed since the forces are non-linear
according to the position variable. Applying these steps on all N vertices of the system, we get a system of
3N linear equations with 3N unknowns. The matrix of such a system is always symmetric positive definite.
Therefore, we can solve the system using the Conjugate Gradient method.
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3.3 Interaction with rigid body

3.3.1 Socket modeling

To simplify the implementation and reduce the computational cost, the socket is considered as a rigid body.
Usually, sockets are made of perlon stockinette hardened by resin, which makes it firmly stiff and non-
deformable.

(a) (b)
Figure 19. The 3D triangular surface of a transtibial prosthetic socket: (a) shaded view; (b) wireframe view

Beside its triangular 3D surface (Figure 19), the rigid socket is characterized by the following physical
parameters: mass Ms, moment of inertia Is, center of mass Cw, and center of inertia Cs. The behavior of the
socket in the 3D space is described by the following second law of Newton:

F,=Mga, and 7,=Ia; (10)

where F; is the sum of all forces applied to the socket, = is the sum of all torques applied to the socket, as

and a are the linear and angular accelerations of the socket respectively.

3.3.2 Contact modeling

Modeling contact between two 3D objects includes two numerical processing components: 1) a collision
detection algorithm and 2) a formulation of physical response.

3.3.2.1 Collision detection algorithm

A node-to-triangle discrete collision detection algorithm was established. In this method, a collision occurs
when the point penetrates the triangle, i.e. it passes through the triangle from the positive side of the

triangle’s plane to the negative one (Figure 20).
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Figure 20. Schematic representation of the collision taking place between the point P; and the triangle T;

Triangle (T;)

Thus, in each simulation time-step, the involved point is checked to verify if this point is behind the

triangle’s plane and whether its projection to this plane is inside the triangle (Figure 20). In other words,

we trace a ray from the point in the 3D space and verify whether it intersects with the triangle and whether

the point is behind this triangle. Noting that, in our method, the ray is to be parallel to the triangle’s normal

vector. Practically, a collision occurs between a point P; of the stump and a triangle T; of the socket if these

following equations are true:

Vo, BN, <0
0<u<l1
0<v<i1
0<u+v<l1

(11)

where Vo, V1j, V2 are the three points of the triangle T;. u and v are the barycentric coordinates of the

projection Pr;j; of the point P; to the triangle T;. These coordinates define the position of the projection point

with respect to the three triangle’s vertices as follows:

PT'ij= VO] + u(Vlj_VOJ) + v(VZJ_VOJ)

Vo

Figure 21. collision detected between the point P; and the triangle T;

Triangle (T))

Vy

(12)
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In equation 11, the first inequality means that the point is behind the triangle. The remaining three
inequalities confirm that the projection point to the triangle’s plane is inside the triangle. If all these
inequalities are true, the point P; and the triangle T; are considered as “contact pair”. In case if these
conditions are satisfied between P; and multiple triangles, the nearest triangle to the point is selected.

Basically, the test is applied between each point of the stump surface and each triangle of the socket. Having
N points and M triangles, the complexity, in this case, will be O(NxM), which increases exponentially when
the resolution of meshes increases. The final step in the collision detection phase is placing the point of
each contact pair on a well-selected collision-free position. In our method, we choose the projection of this
point to the triangle as the corrected position.

3.3.2.2 2) Formulation of physical response

Physical response or reaction of the collision consists of all the forces applied to the socket and the stump
due to the collision. Basically, this mechanical reaction consists of two types of forces: the normal contact
force, and the friction force. According to the third law of Newton, the forces applied to the elements of the
contact pair are equal in magnitude and opposite in direction. Thus, having selected N, contact pairs in the
first phase, for each contact pair C« (k € {1, 2, 3, ...., N}), the point Px and the triangle Ty are each subject

to a contact force of magnitude F¥,,,, and friction of magnitude F’;n-c. Thus, the force applied by the
point of the stump surface to the contact surface of the socket is equal to the sum of the inner forces T’)int,,,k
applied to the point due to the material mechanical properties along with the external forces Fext,pk. This
total force applied to the point is noted Fpk and expressed in the following equation:

ﬁPk = _)int,Pk + ﬁext,Pk (13)

Talking about a normal contact force, we will consider the forces perpendicular to the triangle and discard
the forces aligned with it. Therefore, the magnitude of the contact force is defined as follows:

F¥ne = —Fo Ny (14)

The minus sign in equation 14 is added to obtain a positive value, since the force Fpk applied to the point

should be pushing the triangle, having the opposite direction of the triangle normal vector N_K' (Figure 22a).
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Figure 22. (a) Forces applied to the point are toward the triangle, so the contact force exists. (b) The forces applied
to the point are not toward the triangle, so no contact force is considered

In the opposite case, if this equation gives a negative value, this would mean that the point is “pulled”
instead of being “pushed” by the internal and external forces (Figure 22b). In this case, we discard it and
set the contact force to null. Finally, the vectors of contact forces T«‘)wntlpk and F’wnt’Tk applied to the point

P« and the triangle Ty respectively are defined as follows:

- k —
Fcont,Pk = Feone- Nk

(15)

-

k
Fcont,Tk = — Feone- Ng

Once a contact force exists between the contact pair elements, the friction force is computed. This force
basically depends on the relative velocity between the two elements. Let Vk be the relative velocity vector

of the point P, moving with a velocity Vp, with respect to the triangle Ti moving with a velocity Vr,:

I_/)k = I_/)Pk - ‘_/)Tk (16)
If this relative velocity is null, the friction is ignored, otherwise, its magnitude is defined as follows:

karic =u Fckont 7

where W is the friction coefficient assigned to the stump-socket interface. The direction of the friction vector
T«‘)fric,pk applied to the point is opposite to its relative velocity vector. The friction vector T«‘}ric’Tk applied

to the triangle is in the other direction as follows:

> V,
(Ffric,Pk = —Ffie- ”V»_k”
L (18)
Vi

ﬁfric,Tk = Ffl(ric' m
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The forces generated by the collision between the elements of each contact pair are thus calculated. To
introduce them to the simulation, we apply the following two steps:

Step 1: For each point Py of the contact pair Cy and existing on the surface of the stump model, the contact

force Fontp, and the friction Fj.p, are added to the external forces in equation 9.

Step 2: Regarding the socket, two vectors are necessary to simulate its behavior in the 3D space: the total
force F, and the total torque T, as shown in equation 10. The total force is simply found by summation
of the forces applied to the triangles Tx k € {1, 2, 3, ...., N¢}, along with any other external force I_?)s,ext

applied to the socket as follows:

N¢
s =Fsexe + Z(Fcont,Tk + Ffric,Tk) (19)
k=1

For the torque, let first consider for each contact pair Ck a torque = that is generated by the interaction of
Pk and Tk and defined as follows:

T_k) = (ﬁcont,Tk + ﬁfric,Tk)- PkCI (20)

where C, is the center of the inertia of the socket. The total torque is then the summation of all these
particular torques with any other external torque zex that may exist:

N¢
T_s) = Tgext + Z Ec) (21)
k=1

3.4 Development of simulation environment

3.4.1 Implementation

A simulation environment was developed using the C++ programming language. Object-oriented
programming was used to define the data structure of the MSS-CS deformable 3D object, which will be the
stump, as well as the 3D rigid object, which will be the socket. For the bony structures of the residual limb
model, the related nodes inside the MSS-CS model are constrained by making them fixed in the Euclidean
3D space. The simulation algorithm for the stump deformation along with its interaction with the rigid
socket is implemented.

The graphical user interface was designed and developed with “Visual Studio / Windows Form
Application”, and OpenGL library [244] was used for the 3D rendering. This interface allows to run and
visualize a simulation with predefined parameters, as well as providing real-time interaction tools for the
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user to apply instant loads somewhere on the stump surface and also to the socket. The interface of this
simulation environment is shown in Figure 23.

Stump  Socket Meshing

)
MSS-CS « Implicit Conjugate Grad ~ > = W0 |p 1O |88
=) SVStSem - Stump 4 ™ .’ 13 3 Prosthetic ltem: “ fq e ‘:“:} Blastic Body Control | Rigid Body Control
S s::::( .011Kg) & Apply Stress | ] ~
Simulation Results Stress Type:
Normal Stress V.

W Apply Displacement

Total Displacement:

0.00 |5 mm

Displacement Velocity:

0017—:j mm/s

Apwly BOQAR-Q e

Figure 23. The graphical user interface of the developed simulation environment

3.4.2 The Stump’s Model

A virtual transtibial residual limb was fabricated from a CT dataset [245]. As shown in Figure 24, 3D
geometrical models of both bones and skins have been generated from the CT images using 3D Slicer and
Embido3D.com platforms. The models have been processed to keep one of the two legs and smoothed to
remove the artifacts using the Poisson and Scale-Space surface reconstruction algorithms implemented as
will be described in the next chapter. The hexahedral mesh of the stump volume has been generated using
the IA-FEmesh [246]. Since the stump has generally a cylindrical based-shape, we wrote a C++ code for a
template meshing block whose dimensions are automatically adjusted in function of the stump model
dimensions. Finally, the hexahedral mesh was given to our program to create the related MSS-CS. The
model of the bones has also been introduced in the model generation process, where the nodes of the MSS-
CS model existing within the bones’ volume were constrained in the space, noting that the bones were

already given perfectly aligned with the stump skin model in the first stage.

The parameters of the MSS-CS model were chosen to reflect the physical properties of the soft tissues. For

instance, we used a Young’ modulus of 50KPa, which is a value within the range of soft tissues elasticity
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modulus values [75, 247], and a density of 1060Kg/m3 which is reported as the density of human soft

tissues in [248].

‘l Physical . MSS-CS model
9 parameters

Outer 3D surface

3D Slicer
and
Embido3D

Medical Images

3D
processing

Bones of the sump

Figure 24. the reconstruction process of the stump's model from CT images

For the socket, our simulation program is able to import any CAD model saved in STL format. It has been
generated by applying a geometrical process: the stump geometry was used to extrapolate the socket
geometry with few modifications and a thickness of 8 mm. (Figure 19).

3.4.3 Simulation Stability

Evaluation of the simulation’s stability facilitates the choice of the maximum simulation time-step that
provides a compromise between the calculation convergence and the calculation speed. A small simulation
time-step assures a stable but slower simulation than the real-time. On the other hand, the simulation speed
is increased using a large time-step, however, the system may, in this case, gain additional energy at each

step causing increased oscillations and thus the model “explosion”.

There exist several methods to compute the stability of a numerical integration scheme. In the case of the
first-order schemes, we can study a linear test equation x(t) = 7:x(t), where I' € C is a parameter
mimicking the eigenvalues of linear systems of differential equations. We know that the system is stable if
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|1 — 77At] <1 [240], where At represents the simulation time-step. The stability of backward (implicit)
and forward (explicit) Euler schemes can be then depicted as shown on the well-known charts in Figure 25,
where the stability regions are the colored ones.

!
1
'
' ALT
==

Figure 25. The stability regions for backward (left) and forward (right) [240]

The stability of the semi-implicit Euler method can be evaluated in a slightly more complicated way.
Besides, even though our system uses generally the implicit Euler integration method, it is important to
note that the “Corrective Springs” formulations are explicitly integrated into the System equations since
they are non-linear as a function of position variation and it was not possible to linearise them in the first
order. Therefore, the analytical evaluation of our system’s stability is a complex task. The simulation time-
step has been chosen using a heuristic trial-error method starting from a large time-step for a high simulation
speed, and then gradually decreasing it until achieving a visually stable simulation.

3.5 Accuracy analysis

Two simulation cases were developed to evaluate the accuracy of our soft tissue deformation and stump-
socket interaction algorithms. We started first with a simple cubical elastic object subject to normal
compression due to the weight of a rigid box (Figure 26a). We repeated the simulation with different weight
values, and we recorded, for each one, the displacement and contact pressure on the elastic cube’s upper
surface as well as its volume variation, and we compared them to analytical results. We also implemented
the” Mass-Spring System — Corrective Forces” (MSS-CF) model developed by Golec [240] for comparison.
The dimensions of the elastic cube are 50mm. As physical parameters of the object material, we used a
Young’ modulus of 50KPa, which is a value within the range of soft tissues elasticity modulus values [75,
247], and a density of 1060Kg/m?® which is reported as the density of human soft tissues in [248].
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(a) (b)

Figure 26. Study cases for the accuracy analysis: (a) compression of the pink elastic cube due to the weight of the
blue rigid box; (b) simulation of the socket donning process

In the second case, we performed a dynamic simulation for the socket donning process (Figure 26b), and
we mapped the contact pressure distribution on the stump-socket interface. The same physical properties
(Young’s modulus of 50KPa and a density of 1060Kg/m?), used for the cubical object, were assigned to the
stump soft tissues. The socket was set as a rigid body and moves according to a displacement constraint.

Finally, a FE model of the stump-socket interaction was developed using Abaqus for the comparison with
our MSS-CS model. A C++ code was written to convert the MSS-CS model to an Abaqus model so that
the same meshes are used in both simulations. A convergence analysis was conducted to determine the
optimal mesh configuration (7665 nodes of which 1824 are related to the bones and are fixed, and 7039
hexahedral elements (Figure 27) of the involved models. The same physical properties (Young’ modulus
of 50KPa and a density of 1060Kg/m?) were assigned to the stump soft tissues. A Poisson ratio of 0.45 was
used [249]. All parameters used in the FE simulation are given in Table 1. The simulation was performed
on an HP workstation with 16GB RAM and Intel® Core™ i7-7700HQ 2.8GHz CPU.
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Parameters Values
o | Young’s modulus 50 KPa
§ Poisson ratio 0.45
9 | Density 1060 Kg/m?®
g
g Constraint Rigid Constraint
(%]
o | Type Static, Implicit
9 | Period 1s
g Interaction type Surface-to-Surface contact
€ | Normal behavior Hard contact
(@} . . ..
O | Tangential behavior Frictionless

Table 1. Parameters of the FE simulation performed by Abaqus

Figure 27. Optimal meshed stump model used in socket donning simulation



3.6 Results

A. Cubical elastic object simulation

Contact pressure, displacement ratio, and volume tracking of the cubical elastic object are shown in Figure

28, Figure 29, and Figure 30.
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Figure 28. Contact pressure on the upper surface of the elastic cube asa function of the rigid box weight
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Figure 29. Displacement ratio of elastic cube upper surface as a function of the rigid box weight
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Figure 30. The volume of the elastic object as a function of applied weight

Obtained results show that the MSS-CF is very accurate regarding volume conservation but does not reflect
the real linear elastic behavior with an error reaching 20% for a displacement of 5%, compared to the
analytical results. On the other hand, our MSS-CS approach shows a linear elastic behavior closer to the
analytical one with errors that don’t exceed 11% for up to 60% displacement. Even though Figure 30 shows
that the MSS-CS is not as efficient as the MSS-CF regarding the volume conservation, we consider it
acceptable with error not exceeding 5% for 40% displacement. Figure 28 confirms that our contact model
has a very good precision level and the contact pressures on the interface between the elastic and rigid
bodies are very close to the analytical solutions. These simulations were performed in real-time and the
average calculation time of each time step is equal to 15.29ps.

B. Stump-socket interaction simulation

The results shown in Figure 31 were captured at the end of the socket donning process simulation by using
Abaqgus software and our MSS-CS approach. Overall, the two pressure patterns have a satisfactory

correspondence.
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Figure 31. Contact pressure distribution on the stump-socket interface from both MSS-CS and FE simulations at the
end of the socket donning process

B

To make a quantitative evaluation, we took the points that exist on the front vertical line as shown in Figure
32a, and those existing on the circumference of a circle as shown in Figure 32b. The first point-set has been
chosen since the line cut a critical point in the stump, the patellar tendon, and the points are represented by
their height, i.e. z coordinate. The second point-set has been chosen in a way to evaluate the pressure on
tabular flares as well as medial, lateral, and posterior pressure zones. We represented these points by their
angular coordinate with respect to the vertical axis passing through the middle of the stump. The contact
pressure distribution for these 2 point-sets is given in Figure 33 and Figure 34. The correlation coefficient
R is equal to 0.74 and 0.69 for the vertical and circumference point-sets respectively, and 0.77 for the
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overall contact surface. These obtained values (>0.68) show a strong correlation between our and FE’s

results [250].

(b)
Figure 32. the two point-sets chosen for quantitative evaluation
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Figure 34. Contact pressure distribution on the horizontal points set

Besides, the simulation time using Abaqus is around 5 hours 41 minutes and 17 seconds, while our
simulation time is around 69 seconds. However, we did not reach a real-time simulation since we decreased
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the time step to assure simulation stability. The time step was set to 1ms while it’s needed calculation time
was equal to 69ms almost divided equally between the stump deformation calculation and the contact
calculation (30ms and 33.9ms respectively, and the rest is for rendering and other calculations).

3.7 Discussions

Many research studies have been recently conducted to improve current practice in the prosthetic industry.
Virtual prototyping studies have been proposed, and humerical modeling based on finite element methods
has been usually used to provide objective and quantitative indicators for evaluating and optimizing the
design process [72-74, 99, 178, 185]. However, even if the FE-based approach leads to a detailed level of
feedback, simulation outcomes require significant computational resources and complex modeling skills.
A Mass-Spring -based model is proposed in the present study to estimate the soft tissue deformation and
stump-socket interaction. Thanks to its simplicity and low computational cost, the MSS-based approach
attracts the interest of many researchers in various fields to model the elastic objects, in video games and
computer graphics as well as in virtual surgical training platforms, but yet it is not introduced in the
prosthetic field.

A Mass-Spring System coupled with corrective springs (MSS-CS) was developed and evaluated according
to a finite element model. This approach was adopted in this study to provide a more efficient computational
approach for soft tissue deformation. Usually, additional forces are added to each vertex, called “Corrective
Forces”, which are functions of Poisson’s modulus and volume variation. Inspired by previous works, Golec
[240] proposed a formulation of these volume correction forces, giving a new model called MSS-CF (Mass-
Spring System Corrective Forces). Golec’s results showed the validity of these additional forces to perfectly
correct the volume but did not show their impact on elastic behavior. In this study, we already showed that
the MSS-CF model would negatively impact the elastic response of the model to applied stress. We noticed
that the problem resides in the direction of the resistive forces to applied stress when the material is
compressed. By comparing to this approach, our MSS-CS showed more consistent and accurate results
(Figure 29).

Besides, a formulation of stump-socket contact was also proposed in this study. Collision detection (CD) is
the computational problem of detecting the geometric intersection of objects in the 3D space. Many CD
methods for rigid and deformable bodies have been proposed and used in different applications such as
video games [251], robotics [252], surgical simulators [253-255]. Generally speaking, there are two basic
types of collision detection algorithms: discrete collision detection (DCD) and continuous collision
detection (CCD). DCD detects the collision between the two objects in a discrete-time, so the exact collision
time is missed, and the detection is made after the penetration of an object into the other. The collided items
then are moved to corrected collision-free positions. On the other hand, CCD searches for the exact collision
moment in the interval bounded by two time-steps. It has been proposed for the collision between rigid
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bodies [255-257] and then used for the detection of self-collision of deformable objects [258-259]. CCD is
more robust than DCD but requires a very high computational cost, while the latter is much simpler and
cheaper. Usually, it is extremely difficult to compare the different collision detection methods and choose
one of them since they are very sensitive to the specific scenario [260]. In our case, a high simulation speed
is required, that’s why the DCD approach was used. More precisely, an algorithm derived from the ray-
casting-based method proposed by Fukuhara et al. in 2014 [261] was developed with few modifications to
make it compatible with our application (inverse way of collision (deformable object to rigid one) and
ignorance of false contact pairs). By comparing with a detailed finite element contact simulation, our
formulation gives a similar contact behavior. Note that the quantitative difference may be due to the
different contact formulations between Abaqus (surface-to-surface contact) and our approach (point-to-
surface contact). However, our computation cost remains high. A possible simple solution to reduce the
calculation time is to automatically assign to each point, at the beginning of the simulation, the potential
contact triangles, so the algorithm will test each point with the assigned triangles only. Thus, further studies
will be investigated to improve this point.

Another limitation of our study relates to the use of linear elastic material to model soft tissue. However,
this simplification is considered acceptable in our application because the deformations of stump soft tissues
are small and within the linear region. Previous work [190] experimented with both linear and hyper-elastic
models, and results show similar pressure distribution for both cases but a considerably higher simulation
speed in the case of the linear model.
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Rapid Low-Cost 3D Scan of the Stump

Chapter 4.

A prosthetic CAD system generally starts by capturing the geometry of the patient’s residual limb, so it can
be modeled using the MSS-CS approach accordingly. A good level of scanning precision is required in this
application since the socket-fit is highly sensitive to the small variations of the socket’s dimensions. In this
chapter, a 3D scanning technique for the residual limb is proposed. This technique is based on the fusion
of four low-cost Kinect V2 cameras for rapid scanning. To increase the precision level, an error
compensation technique is described to reduce the errors of the raw data coming from each camera, and an
iterative multi-set registration is used to reduce the alignment errors of the data-sets coming from the four
cameras.

4.1 Microsoft Kinect v2 RGB-Depth sensor

1. General overview

Kinect V2 (Figure 35), is a 3D RGB-Depth sensor released by Microsoft in 2014. It is composed of an RGB
camera, an infrared camera, and an infrared emitter. This device is the successor of the Kinect V1 sensor
released in 2010.

RGB camera

IR camera IR emitter

Figure 35. The Kinect V2 sensor front with cameras and emitter positions [262]

It has been first developed by Microsoft for gaming as a contact-free controller for Xbox One, but since its
first appearance on the market, it has aroused the interest of researchers thanks to its low-cost and high
potentiality as a measuring instrument. It has been used by many researchers in the medical field such as in
studying gait parameters [263] and performing rehabilitation tests [264-265]. Facial expression recognition
[266], body emotion recognition [267], and dance analysis [268] are also examples of Kinect-based
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applications reported in the literature. This sensor has been involved also in many robotics applications.
For instance, it has been used to allow a human operator to communicate his motions to a robot manipulator
[269], monitor and control an industrial robot [270], optimize the navigation of an autonomous vehicle
[271], and even used in the recognition of colored markers to guide and position a mobile robot [272].

In addition, thanks to its low-cost, and ability to construct 3D representations in real-time, with an accuracy
that is acceptable for many applications [273], Kinect sensors have been widely used in 3D scanning
applications, such as human body reconstruction [274], coastal mapping [275], and underwater scene
reconstruction [276]...etc. Many Kinect-based 3D scanning software already exists such as “Microsoft 3D
scan” (https://www.microsoft.com/en-us/p/3d-scan/9nblggh68pmc?activetab=pivot:overviewtab) ,

“Scantech”  (skanect.occipital.com/),  “Shapify”  (www.shapify.me), and “ReconstructME”

(www.reconstructme.net).

The Kinect sensor basically generates two frames for the captured scene: an RGB-based 1920x1080 pixels
frame and a depth-based 512x424 pixels frame. The first one represents the colored image of the scene
captured by the RGB camera, while the second one is the matrix of the distances between the camera and
each point of the scene. This distance is evaluated by the on-board electronics using the Time of Flight
(ToF) technology and, in particular, on the intensity modulation technique [277]. Since depth and color
information is captured by different sensors, the mapping between these two raw output datasets is required.
This can be done using the intrinsic parameters of the sensor that are already provided by the manufacturer
and stored in the device memory, or even can be obtained by calibration [278] and then convenient mapping
functions (provided by Kinect-related APIs such as “Kinect SDK”) can be applied. Some of these intrinsic
parameters are also useful to compensate the lens distortion effect on the raw data and generate the
undistorted frames, and then reconstruct the 3D point-cloud for the undistorted depth data.

4.1.1 Point-cloud generation
Let p be a point from the 512x424 depth frame. This point is defined by its 2D coordinates in the frame in

terms of pixels, noted u and v respectively, and its depth value in terms of distance noted d, where u € [0,
511], and v € [0, 423]. Since the color data from the RGB-frame can be mapped to the depth frame, so
another parameter, related to the color data, is assigned to each point of the depth-frame, noted rgb. We
consider T as the field of the RGB-based depth frame points, sothat p=[u v d rgb] T e I'. On the
other hand, let Q be the field of the points vectors in the 3D space,and P=[X Y Z RGB] " be a point
of Q that corresponds to p. The point P can be found for a given point p using the transformation @ : I" —»

Q defined by the following equation:
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where ¢, and cy are the coordinates of the focal center in the frame, whereas fx and f, represent the focal
lengths, all are in terms of pixels. These parameters are so-called intrinsic parameters of the camera, and
their values are provided by the manufacturer and stored in the device. Note that libfreenect2.0 provides
the subroutines that can extract these values and apply the transformation ¢ to generate the point cloud from
the given depth frame.

4.2 Kinect V2 accuracy

4.2.1 Imprecision of the Kinect v2 sensor

Usually, the point-cloud generated using the default implemented transformation, described in equation 22,
is subject to some dimension errors. Even the recalibration of the intrinsic parameters’ values chessboard’s
corner detection method provided by OpenCV (Open source Computer Vision Library)
(https://docs.opencv.org/2.4/doc/tutorials/calib3d/camera_calibration/camera_calibration.html) gives very

close values and does not help to reduce the errors. The imprecision in the sensor output data has several
causes that were investigated by Wasenmuller et al. [279] in 2017. Light intensity and temperature are
factors that affect the Kinect accuracy. High errors also occur on the edges of the objects where geometrical
discontinuity takes place. This causes “flying points” that are considered as outliers. Wasenmdiller also
showed that the error in the measured depth data varies in function of the distance between the measured
point and the camera. Moreover, the Kinect v2 sensors’ precision has been proved influenced by the scene
colors where the error standard deviation varied from almost 1mm for the white color up to almost 3mm
for the black color.

4.2.2 Accuracy analysis

In order to analyze the dimension’s errors in a point-cloud generated from a given depth frame, an AO
plotted chessboard with a pre-known square size, noted s, was used (Figure 36a). The chessboard RGB-
based depth frame, predefined as T, is given by the Kinect camera, and then the related point cloud in the

Q domain is generated using the transformation ¢.

To quantify the sensor imprecision problem, the dimensions of each chessboard square in the generated
point cloud were computed and compared with the value of s. Precisely, the OpenCV method was applied
to detect the NcXN, chessboard’s corners in the RGB-based depth frame, where N and N, are respectively

the numbers of columns and rows of the chessboard corners’ grid. Note that each corner point is defined by
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its column index ie[0, N¢-1] and row index je[0, N,-1]. Since the corners 2D coordinates (u, v) given by
the OpenCV method are not necessarily integer values, the depth value of each of these points is estimated
from the depth frame by applying the bilinear interpolation. Let I'"® be the group of corner points extracted
from the frame, and Q° be the group of corner points in the 3D space. I*c I" and Q° < Q. For each corner

point p%; e I'%, the corresponding 3D point P%; € Q° is given as follows:

P = o(pf)) (23)

In addition, after calculating the position of each corner point in the 3D space, the Euclidean distances

between each point P;; and its adjacent points, df'}, d};, d¢ and d}3, as shown in Figure 36b:

L[—l

- [
]

PI—U d i.j Pit1,

P j41

(a) (b)
Figure 36. A0 chesshoard used for the quantification of the Kinect's imprecision (a) and dimensions used to calculate
the errors assigned to the point P%; within the AO chessboard (b).

Knowing already the chesshoard actual square size s, absolute errors of these dimensions can be simply
found as follows:

el = |dl} —s|

et} = 7] -]
ezhf = |d}'} —s|
J = |d:712 _Sl

(24)

Then, the absolute horizontal and vertical errors assigned to each corner point are considered as the average
of the 2 horizontal errors and the 2 vertical errors respectively as follows:

hl h2
ho €;; + €;;
e = —2
v _ b LJ
e, = —2
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For the corner points located on the frontier of the grid, i.e. having one horizontal and one vertical adjacent
point, the assigned absolute errors are simply equal to the absolute error of the distances with these two
points respectively. Finally, when assigning a horizontal absolute error e"; and a vertical one €Yj; to each
corner point P¢;eQ* and thus for each p©;jeI, the values of these errors for the points peI in-between the
corner grid points were estimated by applying a bilinear interpolation. In fact, a 2D error distribution map
for the given chessboard frame was obtained as shown in Figure 37. Based on these maps, we noted a
correlation behavior between distributions of these errors and the raw data parameters (u, v, d). This
correlation is explicitly reported by Wasenmiller et al. [279] between the depth error and the depth value.
In fact, the error in the measured depth contributes to the imprecision of the horizontal and vertical locations
of the point in the 3D space because of their relationship expressed in equation 22. Thus, quantifying these
errors in a compensation strategy is supposed to improve the data capture accuracy.

Frame Horizontal Absolute Error Vertical Absolute Error

6mm

Omm

Figure 37. Absolute error distribution for all frames within the A0 chessboard taken from different angles (3°, -26°,
and 37°)

4.2.3 Error compensation technique

The main idea consists of building a predictive model for the error at each point of the received depth frame
during the scan. Then, the predictive model is used to adjust the new scanning data. Let ey, ey, and e, be the
estimated rates of horizontal, vertical, and depth errors, respectively, for a given point peI'". The corrected
position, i.e. the estimated real position, of the corresponding point in the 3D space, noted P eQ, is given

by the following transformation @: I" — Q defined by the following equation:
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X fx

~ )4 R d
P=| , |=0¢(= (v—cy)x<—)><(1—ey) (26)

Z fx

RGB dx(1—e,)
rgb
This transformation can also be rewritten as follow:

P, e) = (I —¢).o(p) (27)

where | is the identity matrix and ¢ is the error rate matrix defined as follows:

ex 0 0 0

e=|9 & 00 (28)
0 0 e O
00 0 O

For each point peI” and its corresponding measured point PeQ obtained by applying the transformation
o, if the corresponding estimated real position P €Q is given, so the error rate matrix can be calculated
by the following equation:

[ X-X
ey = N
~ , - Y-V
e=¢(P, P) with (P, P): (e, = —— (29)
Z-2
€ =7
The predictive model of the error rate matrix € for a given point peI is defined by the following
equation:
¢ = LR(p) (30)

where LR stands for the “Linear Regression” model. When obtaining this predictive model, the 3D
positions for all captured points were adjusted using equation 27.

4.2.4 The learning database of the error Compensation technique

To build the predictive model, a learning database is needed. Thus, the real position P€eQ should be
estimated within the learning database. A program was developed and executed automatically to get the
frame of the chessboard, detects its corners, and estimates the real position in real-time. For each sensor,
the learning database is created from around 50 frames that were taken while moving the sensor and varying
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the distance between it and the chessboard in a range between 50cm and 100cm. These frames were taken
after preheating of each sensor for more than 25 minutes, as recommended by Wasenmiiller et al. [279] in
order to stabilize the errors by reducing their standard deviation. All data from a single sensor are grouped
into one learning database for applying the linear regression model.

Given the real square size s of the chessboard and the focal center is the center of the transformations from
I to Q, to estimate the real position of the corner point in the space, it is necessary to determine the location
of the focal center with respect to the chessboard corners’ grid. Letc=[cx ¢, dc rgbc]T eI’ be the
focal center. Whereas cx and cy are constant decimal values given for each Kinect camera by the
manufacturer, its depth value d. can be found by bilinear interpolation of the depth frame. The
corresponding point in the 3D space isC= [XcYc Zc RGBT € Q. Let ic and jc be the column and the
row indexes of the focal center in the chessboard corners’ grid. Since c is located in between the points of
the grid, ic and j are decimal values. In fact, c is located inside the quadrilateral formed by the following
group of corner points ¥ = {pxi; Pk+11; Pk+1i+1; Pris1} < €. Therefore ice[ k,k+1] and

jee[l, 1 + 1]. These two decimal indexes can be estimated by the following equation:

dns
ip=k+ —
dyy
jc — l + vl
dvl + dvz
Poo Xi; P (Ne=1),0
.P(Nr-| )0 . __._'._.. .
. : 7 ;
Pit, Uy .Pk- L :
i (4 7]
- N ! 2 L 2 —
o S S
Pict+a ;| Prerisd
L
Py -1).(N,-1) . N—
Pov,-1y Pidve=1),v,-1)
) |
Po(Ny-1) (@) : (®)

Figure 38. (a) example of a random chessboard frame received from Kinect sensor and (b) chessboard dimensions
in the £2 domain

where dni, dn2, dvt, and dvz (in pixels) are, as shown in Figure 38a, the dimensions between the focal center
and the intersection between the side segments of the quadrilateral ¥ with the horizontal and vertical axes
of the chessboard having the direction vectors 1 and ¥ respectively. These direction vectors are estimated
as follows:
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u:% ; U:% (32)
Il + ul lvy + v I

Hence, after estimating the location of the focal center in the grid, the estimation of the real position of each
corner point becomes possible. This is done first in the coordinate system having C as the origin and the
horizontal and vertical axes of the chessboard as the X and Y axes respectively (Figure 38b). This domain
is noted Q and the point in this domain corresponding to the corner point p%; e I'® will be noted P}fj, and

can be found using the transformation defined @ :I' — Q  as follows:

TLJ sx(i— i)
D )/llC] N~ S X j— ] )
p=| 2 = el = [PXU (33)
i,k
RGBC Tgb

ij
Equation 33 shows that the point Pfj represents the estimated real position of the corner (i,j) relative to
the focal center. Then, from the point P{ j We may estimate the position of the point T’,?J- in the domain Q

by applying a transformation ¢*: Q — Q defined by the following equation:
P=¢p*®) =RXp+C (34)

where R is the rotation matrix calculated using the Single Value Decomposition (SVD)-based method to

align the points T’,-J- with the points P; ;, considering C as the center of the former points set, and C as the

J
center of the latter one. Finally, the real position in the camera 3D domain Q of each corner point p%j e T
can be estimated using the following formulation:

ﬁfj =@o @ (Pf;) (35)

Having the measured position P¢; (Eq. 23) and the estimated correct position f’i‘fi (Eqg. 35) of a corner point

pSij, the error can be calculated using equation 29.

4.3 The 3D-scanning platform

4.3.1 System architecture

Our proposed 3D scanning system includes four RGB-Depth Kinects v2 cameras (Figure 39a) mounted on
a mobile mechanical structure allowing to adjust the height of each camera according to the size of the
involved patient. The physical dimension of the space of interest within the 3S scanning system was set up
as 1.5m in the vertical and horizontal planes (Figure 39b). Since the minimum range of the Kinect sensor
is 50cm, we chose to place each sensor at 75 cm away from the center so it can detect the scanned limb
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with a minimum safety margin of around 17 cm at each side for a transfemoral amputation case. Note that

the average circumference of a human thigh is equal to around 51 cm [280], which is equivalent to a
diameter of around 16 cm.

The four Kinect v2.0 sensors are connected simultaneously to the same workstation. Normally, using the
standard API of the Kinect cameras offered by Microsoft, Kinect SDK 2, it is not possible to use multiple
sensors on one PC: Sensor Acquisition and Startup Kinect for Windows supports one sensor, which is called
the default sensor. That’s why many Kinect-fusion projects found in the literature use the Client-Server
configuration where each sensor is connected to one client PC, and each of these clients is connected to the
server PC using Transmission Control Protocol/Internet Protocol” (TCP/IP) protocol within an Ethernet
network [266, 281-283]. To bypass this limitation, we use, instead of the default SDK, an available open-
source library libfreenect2.0 which uses the libusb driver. Despite the fact that it does not provide many
functions and features provided by the standard API, this package makes it possible for one workstation to
communicate with multiple Kinect v2 sensors.

} 1.5m !
Kinect v2 #K4
o
¢ ¥
3=
1 ~ (] £
& > | %
\ g 2 b
2 M

Kinect v2 #K 1

|
I

(2) (b)

Figure 39. The proposed 3D scanning platform with four RGB-Depth Kinects v2 cameras and mobile supports (a)
and the physical dimension of the space of interest within the 3D scanning system (b).

The developed system workflow is shown in Figure 40. Each sensor collects data from one side of the
scanned object and generates two types of raw data: the depth frame of 512x424 pixels in millimeters, and
a 1920x1080 pixels RGB-based frame for color data. From each raw dataset, a 3D point cloud is generated
and corrected with an error compensation algorithm that estimates the error on each point. Then, each point
set is filtered to remove the outliers. To align the four filtered point sets together, the extrinsic parameters
of each camera should be calculated, so that all point sets can be transformed into the same coordinate
system and merged into a globally consistent model. To achieve this objective, a multi-set registration
method was proposed. Finally, once the fused point cloud is obtained, it is used in a 3D surface
reconstruction process to create the final 3D model.
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Point-clouds Error i Multi-set 3D .
g . Outliers removal s ; reconstruction
acquisition compensation > registration

(Limb Model)

(a) (b) (©) (d)
Figure 40. 3D scanning system workflow from data fusion to 3D surface reconstruction: (a) the four acquired point-

clouds; (b) filtered point-clouds; (c) aligned point-clouds using multi-set registration method; (d) reconstructed 3D
surface of the limb

4.3.2 Multi-set registration problem

Captured point cloud from depth cameras suffers from the well-known artifact related to “flying points”
[284], which occurs mainly close to depth discontinuities (Figure 41a) and is considered as outliers. To

remove them, a statistical outlier removal algorithm was applied to each generated point-cloud,
implemented using the open-source library PCL 1.9.1 [285].

(@ (b)

Point Cloud of K4

i f
L

Point Cloud of K1

Figure 41. Illustration of outlier removal from the point cloud of a scanned white tube (a) and the rigid multi-set
registration process for four point-clouds (b).

Point Cloud of K2
Point Cloud of K3
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When obtained four point-clouds without outliers, a multi-set registration process should be applied to align
them into one point-cloud. Registration is the process of finding the spatial transformation that aligns two
point-sets together in the same coordinate system in a globally consistent model. Herein we are looking to
align the four point-clouds together to form the one point-cloud representing the whole scanned object. In
this case, we are handling the so-called multi-set registration problem. We use registration with a rigid
transformation since the dimensions of each point-cloud are not supposed to be modified. Considering that
each point-cloud contains a set of points, that we will call “reference points”, common with each adjacent
point-cloud (Figure 41b), the registration process consists of the rigid transformation matrix of each point-
cloud in a way that the four transformations will lead the alignment of all common points from the different
point-clouds together with less error. The transformation matrix that aligns the “source point-set” to the
“destination point-set” can be simply found by applying the Single Value Decomposition (SVD) -based
method. Most existing registration techniques solve the registration problem between two sets whereas the
multi-set registration has comparatively received less attention and often solved by repeatedly solving for
pairwise registration, either sequentially or via a one-versus-all strategy, which lacks closed-loop

information [286].

In our system, we propose an iterative rigid multi-set registration process that was developed and
implemented to fuse four point-clouds into one consistent one. First, a set of points is defined as “reference
points” according to other adjacent point clouds (Figure 41b). Then, the registration process consists of the
rigid transformation matrix of each point cloud in an iterative way using the SVD-based method. In fact,
each point cloud is aligned with the 3 others simultaneously, by considering all the reference points of the
given point cloud as source points and all the related points in the 3 other point clouds as destination points.
The algorithm of this method is described in Table 2. Note that the iterative multi-registration process is
applied to the three Kinect sensors K2, K3, and K4 since the sensor K1 is fixed and considered as the
reference.

For each iteration

For each Kinect Sensor K; ie{1,2,3}
Create an empty point set PS1
Create an empty point set PS2
PS1 « All points of Ki common with K;  je{0,1,2,3} and j#i
PS2 « All points of K; common with Ki  je{0,1,2,3} and j#i
Align PS1 to PS2 using the SVD method

end of For loop

o N o o1 A W N P

9  end of the iteration loop

Table 2. Iterative rigid multi-set registration algorithm for four point-clouds captured from four Kinects K1, K2, K3,
and K4.
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4.3.3 3D reconstruction

The 3D surface reconstruction method aims to reconstruct the final 3D surface from the fused point cloud.
In fact, the problem of surface reconstruction from a point sample is ill-defined: because the points only
provide a sample of the surface, we cannot determine with exact certainty how the surface behaves between
the points. Besides, for real-world data-sets, we also must handle outliers and small errors in the points'
locations that do not sample the surface perfectly. To overcome these obstacles, a scale-space 3D
reconstruction algorithm has been developed [287]. This method is already provided by the open-source
CGAL library. However, one main drawback of this method is its inability to close the holes that may
appear in the point-cloud (Figure 42a) due, e.g., outlier removal filter or occlusion during. An alternative
method may be the Poisson algorithm also provided by CGAL library. This contouring algorithm always
extracts a closed surface mesh and hence can fill the holes, but on the other hand, it does not provide any
means to trade data fitting for smoothness so it is unable to handle with noisy point-cloud (Figure 42a).

Aligned point-
clouds

Poisson
algorithm

Poisson Closed 3D

Scale-spare
algorithm surface

algorithm

Extraction of
surface nodes

New global
point-cloud

Scale-space
algorithm

Final smooth
surface

(a) (b)

Figure 42. 3D reconstruction problem: (a) using Poisson or scale-space; (b) the process using both Poisson and
scale-space algorithm

Hence, we use a surface reconstruction combining these two algorithms. As shown in Figure 42b, the
Poisson algorithm is first applied to generate a closed 3D surface. The points of this surface mesh are
extracted to form a second point-cloud to be used as input to the scale-space algorithm. The surface
produced by this process is closed thanks to the former algorithm, and smooth thanks to the latter one.
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4.4 Application

4.4.1 Technical implementation

The main program was developed using C++ with a graphical user interface created using VS2019
Windows Form Application (.net framework). All developed codes were combined into one package, called
OpenMKS (Multi-Kinect Scan) which is open source free software available on the following link
(https://github.com/abbassb88/OpenMKS). Since the default driver of the Kinect v2 camera does not
support natively multiple cameras on the same workstation, OpenMKS requires installing another driver,

libusb 3.0, which is required for the libfreenect2.0 library. The graphical user interface of OpenMKS is
shown in Figure 43.

Note that the 3D acquisition from multiple Kinect v2 sensors, error compensation, outlier removal, multi-
set registration, 3D surface reconstruction, as well as an implemented point-cloud up-sampling tool are all
included in this package. The point-cloud up-sampling procedure allows the user to up-sample the depth-
frame data (and so the point cloud) by N times, i.e. increasing the resolution of the depth-frame from
512x424 to (512xN) x (424xN), where N is an integer representing the up-sampling factor given by the
user. This has been done by estimating the depth values of the new pixels introduced in between the original
ones by simply applying bilinear interpolation. This up-sampling feature was useful during the multi-set
registration step where a higher resolution frame was necessary for better detection of the chessboard
corners using OpenCV.

W OpenMKs = o X
File
*Q
Indvidual Control
Setectud Davew
1-Knect2 SN: 295502535247+

Sun | Swe | Clea | Fer

Leh Semsor indesl 15

Number of Connected Kinects20 = 4

Figure 43. Graphical User Interface of OpenMKS
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4.4.2 Accuracy evaluation

A testing database was created consisting of three chessboard frames where the sensor is placed at 60cm,
75cm, and 90cm far from the chessboard respectively. Each of these frames was taken and visualized before
and after the introduction of the error compensation system. Then, the absolute errors of the chessboard
dimensions at each case were computed and visualized. The statistical t-test was used for comparison
purposes.

To evaluate the accuracy of our proposed iterative rigid multi-set registration process, a comparison with a
traditional sequential registration method [288-289] was performed on a box (length =30cm, width = 30cm,
and height =70cm) with a chessboard on each of its sides as “registration object” (Figure 44a).

Besides, the error compensation strategy was applied on three cylindrical objects of diameters 10cm, 16cm,
and 21cm mimicking the human residual limb to quantify its accuracy (Figure 44b). The 3D models
generated by the scan were compared with a reference 3D cylindrical object having the physical dimensions
of the scanned objects. The comparison was performed using MeshLab, an open-source system for
processing 3D triangular meshes. The scan and the reference models were aligned together using the
Iterative Closest Point (ICP) method, and then Hausdorff distance has been used to compute the differences
between the two meshes. The reference cylindrical objects were generated by a simple C++ code that writes
it in binary STL format.

@10cm tube

@21cm tube

@16cm tube

(b)
Figure 44. (a) The calibration box, (b) the three cylindrical test objects

4.5 Results

4.5.1 Accuracy of the error compensation strategy

The integration of the error compensation strategy leads to reduce the reconstruction error according to the
case without error compensation. Figure 45, Figure 46, Figure 47, and Figure 48 show these results on the
three tested chessboard frames (i.e. sensor is placed at 60cm, 75¢cm, and 90cm far from the chessboard) for
the four Kinect sensors respectively.
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Figure 45. Dimensions error patterns in the horizontal and vertical planes for the three tested chessboard frames
without and with error compensation for the Kinect sensor K1 (AE: Absolute Error).
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Figure 46. Dimensions error patterns in the horizontal and vertical planes for the three tested chesshoard frames
without and with error compensation for the Kinect sensor K2 (AE: Absolute Error).
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Figure 47. Dimensions error patterns in the horizontal and vertical planes for the three tested chesshoard frames
without and with error compensation for the Kinect sensor K3 (AE: Absolute Error).
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Figure 48. Dimensions error patterns in the horizontal and vertical planes for the three tested chessboard frames
without and with error compensation for the Kinect sensor K4 (AE: Absolute Error).
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It is interesting to note that when applying the error compensation model, the reconstruction errors were
significantly reduced (t-test, p < 0.005). The grand mean absolute errors in both horizontal and vertical
planes were reduced from 1.69+0.38 mm to 1.10+0.36 mm, from 1.84+0.63 mm to 1.05+0.49 mm, from
1.91+0.63 mm to 1.14+0.59 mm, from 2.10+0.35 mm to 1.42+0.69 mm for the Kinects K1, K2, K3, and
K4 respectively.

Regarding the reconstruction without error compensation, high errors (around 6mm) mostly occurred at the
corners. Moreover, the 60cm- and 75cm frames lead to higher errors (around 6mm) than the case of the
90cm frame (around 3mm). This behavior is common for all four Kinect cameras. To focus the analysis on
these regions of interest, the absolute dimension errors were computed for the frontiers’ points of the
chessboards. The results are shown in Table 3 for the Kinects K1, K2, K3, and K4 respectively. The
statistical t-test (p < 0.005) confirmed a significant reduction of error in these regions of interest. For these
regions of interest reconstructed without error compensation, the maximal error of 5.01 + 3.52 mm was
noted for the Kinect sensor K4 with a 60cm-case chessboard. The minimal error is around 1.35 + 1.02 mm
for the Kinect sensor K3 with a 90cm-case chessboard.

Horizontal Dimensions’ Error

Vertical Dimensions’ Error

Without Error With Error Without Error With Error
Kinect Frame Compensation Compensation Compensation Compensation
K1 @ 60cm 2.61+1.78 mm 1.63 £1.07 mm 1.77 £0.96 mm 1.04 £0.59 mm
@ 75cm 3.77£2.92 mm 2.70 £2.45 mm 2.43 £1.60 mm 1.14£0.81 mm
@ 90cm 1.87 +£1.26 mm 1.14+1.21 mm 1.54 +1.05 mm 0.61+£0.46 mm
K2 @ 60cm 2.73+1.97 mm 1.78 £1.84 mm 1.84 +0.95 mm 1.17 £1.03 mm
@ 75cm 4.43 +£3.04 mm 3.35+£2.99 mm 2.53+1.36 mm 1.25+0.97 mm
@ 90cm 2.09 £1.34 mm 1.34+£1.21 mm 149 +1.02 mm 0.72 £0.53 mm
K3 @ 60cm 4.23+£3.29 mm 3.49+3.22 mm 2.38 +1.47 mm 1.55+1.08 mm
@ 75cm 3.29+£2.98 mm 2.45+2.82 mm 2.49+1.98 mm 143 +1.41 mm
@ 90cm 1.35+£1.02 mm 0.85+0.69 mm 145+ 1.16 mm 0.87 £0.73 mm
K4 @ 60cm 5.01+3.52 mm 3.15+3.00 mm 297+213 mm 1.23+0.82 mm
@ 75cm 3.27 £2.50 mm 1.89 £2.10 mm 2.51+£2.01 mm 1.22 £1.15mm
@ 90cm 1.88+1.28 mm 0.93+£0.72 mm 2.17+1.55 mm 0.60 £ 0.47 mm

Table 3. Dimensions’ errors of the edge points of the three tested chessboards in horizontal and vertical planes without
and with error compensation for all Kinect sensors (K1, K2, K3, AND K4)

When applying the error compensation, these errors were significantly reduced. In the horizontal plane, the
minimal error is around 0.85 + 0.69 mm for the Kinect sensor K3 with a 90cm-case chessboard. The
maximal error is around 3.49 + 3.22 mm for the Kinect sensor K3 with a 60cm-case chessboard. In the
vertical plane, the minimal error is around 0.60 + 0.47 mm for the Kinect sensor K4 with a 90cm-case
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chessboard. The maximal error is around 1.55 + 1.08 mm for the Kinect sensor K3 with a 60cm-case
chessboard. Note that the errors are small in the vertical plane according to those in the horizontal plane.

In addition, the reconstruction of three 3D cylindrical objects (diameters of 10cm, 16cm, and 21cm
respectively) mimicking the geometry of the residual limb (diameter of around 16mm) has a smaller error
range when applying the error compensation strategy (Figure 49). The root-mean-square error for the 10cm
tube has been reduced from 1.643mm to 1.254 mm (23.68%), from 2.738 mm to 1.659 mm (39.41%) for
the 16cm tube, and from 2.556 mm to 1.774 mm (30.59%) for the 21cm tube. The maximal errors reduce
from 6.03 mm to 3.73 mm, from 8.1 mm to 5.93 mm, from 6.99 mm to 5.465 mm for the 10cm, 16cm, and
21cm tubes respectively.
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Figure 49. Dimensions error patterns for the three tubes reconstructed using sensor fusion without and with
applying the error compensation technique.
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4.5.2 Speed of the scanning process

The recorded average time for a complete scan is 25.4 + 2.5 seconds (Figure 50). This time has been
recorded on an HP Intel® Core™ i7-7700HQ CPU @ 2.80GHz 16GB RAM workstation. The first 12.6 £
2.3 seconds were spent for quasi-simultaneous data collection from the four sensors and point-cloud
generations. Then, the outliers’ removal takes around 0.3 seconds. Finally, the 3D surface reconstruction,

which uses two algorithms successively, takes around 12.5 seconds.

25.4s
12.6s 03 12.5s

Scan & Point-Cloud Generation I 3D Surface Reconstruction = =

Outliers Removlal

Figure 50. Average timeline of the full scanning process.

4.5.3 Accuracy of the multiple point cloud registration process

Our iterative rigid multi-set registration process was compared to the conventional sequential approach.
Obtained results showed a reduction of error with our approach (Figure 51 and Table 4).

sequential multi-set registration iterative multi-set registration

4 point-
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Figure 51. steps and visual reconstruction outcome of the multi-set registration.

Note that the Euclidean distance between the pair of reference points was quantified. In the ideal case, this
distance should be null for each pair. Thus, the mean errors reduce from 5.298 mm to 2.226 mm (~ 58 %)
for our iterative registration approach according to the sequential registration approach without error
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compensation. Importantly, when applying the error compensation, this error is smaller and reaches a value
of 2.064 mm (reduction of ~ 61%).

. . Mean Error Minimum Error Maximum Error
Registration Method
(mm) (mm) (mm)
Sequential registration 5.298 0.595 17.365
Iterative registration 2.226 0.563 4.363
Iterative registration + Error compensation 2.064 0.133 3.921

Table 4. Summary of the registration errors for different registration schemes

4.6 Discussions

A low-cost, rapid, and accurate 3D scanning system for the residual limb has attracted the attention of many
researchers in the last two decades. Since the prosthetic design is customized with the unique geometry and
mechanical function of a patient’s stump, such a system will allow automatic prosthetic CAD systems to
be developed for maximizing the benefit of amputee patients. Detailed and expensive imaging modalities
such as CT or MRI have been investigated as well as other sensing capacities like turning ultrasound
sensors, portable low-cost scanners or even portable low-cost RGB-Depth cameras [60, 104, 187]. Note
that CT or MRI modalities are more suitable for the design of osseointegrated prosthetic implants while
other surface-based sensing techniques are more applicable for conventional socket-stump prosthesis [290].
Portable optical scanners [70, 96-98], as well as ultrasound scanning [106-111], have been used to
reconstruct the 3D geometrical model of the stump. However, the reported scanning time of these
techniques was 2 to 3 minutes, which is a long period that will increase the error risks due to muscle
contractions and involuntary limb displacements during the scan. Multiple visual sensor fusion has been
proposed in the literature but only a study deals with the prosthetic application [291]. However, there is no
reported evaluation for the accuracy of such a complex fusion system. The objective of our present work
was to complete the literature about this subject by proposing a systematic evaluation process to quantify
the imprecision of multiple visual sensor fusion for prosthetic applications. Then, an error compensation
strategy was proposed and evaluated leading to reduce 40% of reconstruction error for stump-like
geometries. Finally, all sensing and processing procedures were integrated into an open-access library,
called OpenMKS. This library is freely shared to facilitate new contributions in the field.

A fixed scanning platform with four sensors has been proposed in this study in order to capture the four
sides of the stump simultaneously. This fact will eliminate the risks of model deviation because of the
involuntary movements of the limb during the acquisition, as witnessed in the case of the portable scanner
[71] or rotatable sensors [109]. A compensation camera has been proposed to track these movements and
compensate the related errors [109]..
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The fusion of heterogeneous data and sensors has been intensively studied in many fields such as
multimedia or medical applications [292-295]. In particular, sensor fusion has become a potential solution
for the 3D reconstruction of complex objects such as human body structures [291]. Within the context of
the prosthetic design application, the reconstruction speed plays an important role to reduce the medial cost,
increase the comfort of the involved patients, and reduce the potential mesh distortion due to the stump
small movements. Our proposed fusion scheme of four Kinect sensors and specific processing procedures
leads to an effective scanning duration (around 25.4 + 2.5 seconds) for each full acquisition and
reconstruction process. Note that the most critical part of this process is the data-collection from the
patient’s limb costing around 12.6 seconds. This is a very short period compared to the other works (2-3
minutes).

The use of portable and low-cost Kinect sensor (v1 and v2) opens new opportunities for a rapid and low-
cost 3D scanning system. However, the capacity of connecting multiple sensors into a single workstation
remains a technological challenge. The main reason relates to the USB 3.0 ports, to which the multiple
sensors are connected, which are sharing the same USB controller that is not able to support the bandwidth
of more than one sensor. Indeed, the default Kinect API provided by Microsoft does not support more than
one sensor on each PC. In fact, this issue is a runtime and hardware problem because of the unavailable
USB3 bandwidth for multiple sensors. That’s why many researchers used the client-server configuration to
deal with multiple sensors simultaneously [266, 281-283]. In our present work, we proposed a more
effective where multiple Kinect v2 sensors to be connected to a single PC in a straightforward way and thus
is more suitable for a complete rapid and low-cost 3D scanning system. Furthermore, we decided to make
our library an open-source one. It is expected that this contributes to the promotion of this solution within
the community and speed up the development of new effective and innovative solutions for medical and
industrial purposes.

Regarding the accuracy of scanning capacity with multiple Kinect sensors, an error compensation strategy
was proposed to correct the raw measurements coming from each sensor. Our proposed solution allows an
important reduction level of the 3D geometrical reconstruction error. In fact, a reduction of root-square-
mean error about 23% to 40% is reached for stump-like geometries while the peak error was reduced by
about 21% to 38%. The absolute error values are between 1.2mm and 1.8mm which are 0.8% to 1.3%
relative to the scanned object diameter. These results are competitive according to earlier recent error
compensation works, where the obtained average error is 2.75mm using the ultrasound scan [190], 1.4% to
4% and may sometimes reach 8% using the image processing technique [99], 1.4% to 2% using a portable
scanner [98]. Note that the linear regression model was used in our error compensation strategy. The
polynomial regression system with second and third-order was also implemented and evaluated. However,
unsatisfied outcomes were obtained for this system. One of the possible reasons relates to the unexpected
tail behavior of the polynomials. These tails tend to wiggle around, making the polynomials bad for
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extrapolation and even for interpolation where input values get closer to the end of the learning data. One
of the possible future works can be the study and evaluation of more complex machine learning models
such as deep learning [296]. Moreover, the optimal scanning zone, i.e. the optimal position of the scanned
object relative to the sensors, may be also investigated in future work to minimize the errors, especially the
peak error (located mainly at the bottom half of the scanned object) that is still high (3.7mm to 5.9mm).

Two assumptions were performed in our error compensation strategy. The first one deals with the
assumption of the correct direction of the measured chessboard and the second one is the correct location
of the depth-frame focal center within the measured chessboard. These assumptions were made because of
unavailable information to compute them from the raw data. Hence, future work may focus on increasing
the accuracy of the errors’ model by improving the estimation of the correct position of the chessboard in
the camera 3D space. For the moment, to reduce the effect of the first assumption, we tried to keep the
camera horizontal and parallel to the chessboard plane as possible while taking the multiple frames for the
learning database generation. Finally, in this present study, only 3D cylindrical objects mimicking the
geometry of the residual limb were used and evaluated. Further investigations should be carried out to
confirm the findings and enhance the validation of the proposed fusion scheme and error compensation
strategy on the lower residual limb geometries. Moreover, the use of a visual camera like Kinect leads to
the capture of only external geometries. In the context of a complete computer-aided prosthetic design
system, internal geometries like bony structures need to be also reconstructed. Consequently, a statistical
shape modeling method or machine learning method should be investigated to study this relationship toward
an automatic generation of internal structures from external information.
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Parametric Digital Design of the
Prosthetic Socket

Chapter 5.

The third step of the socket CAD workflow is discussed in this chapter. A novel numerical design method
for the prosthetic socket is proposed. This approach is based on the calculation of the stump-socket
interaction to predict the pressure distribution on the contact interface as a numerical indicator of the fit-
guality. Whereas a node-to-surface discrete contact formulation has been implemented and used to validate
our model compared to FE outcomes (chapter 3), a remarkable decrease in the calculation speed has been
witnessed when it is introduced in the simulation. In fact, a discrete contact detection formulation is very
simple and does not require high computational resources, but requires small time-steps for the sake of
stability which slows down the simulation. On the other side, a fast calculation is favorable to an interactive
design process with instant numerical feedback. For this purpose, an inverse calculation of the stump-socket
interaction is proposed in this study to eliminate the need for the direct contact formulation, and
consequently speed-up the process. This approach provides mechanical constraints along with other quality-
related constraints that will numerically define the shape of the well-fit socket. Thus, it consists of a
Constraint Satisfaction Problem (CSP) where an instant calculation is performed to check the satisfaction
level and given as instant feedback to guide the designer. This CAD system has been implemented along
with a user-friendly interface and parametric design tools and evaluated by comparing its outcomes with
the outputs of FE simulations

5.1 Computer-aided parametric socket design workflow

A computer-aided parametric socket design workflow was developed and shown in Figure 52. The design
socket process starts from an acquisition of a 3D geometrical model of the patient’s residual limb. Then, an
inverse calculation process of the stump-socket interaction was performed. This process consists of
determining the shape of the rigid contact surface of the socket from both the pressures applied to the
stump’s surface, considered equivalent to the contact pressure and the stump’s surface deformation. During
this interactive process, local pressures are applied to the surface to describe the contact pressure
distribution. The pressures are parametrically applied and they are subject to numerical constraints to ensure
that they are equivalent to contact pressures along with other constraints related to the socket design quality.
Numerical feedback from the dynamic soft-tissue deformation process performed in function of the applied
pressures is used to ensure that the applied pressures satisfy all prescribed constraints. Finally, the rigid
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contact surface is reconstructed from the deformed surface of the stump, and a thickness is added to generate

MSS:CS el | Faraimitric nd Imeraf:tlve Soft tissue deformations Socket Model
of the stump | Pressure Configuration

Constraints
No are satisfied?,

the socket model.

11

Numerical feedback
Figure 52. The proposed computer-aided parametric socket design workflow to automatically generate a patient-
specific virtual socket prototype.

To provide the soft tissue deformation feedback during the parametric and interactive design process, a
Mass-Spring System with Corrective Springs (MSS-CS) model was used. Which has been described in
Chapter 3. For recall, this model is defined by the following parameters: p (soft tissue density), E (soft
tissue elasticity modulus), A (ratio between the edge and face diagonal springs’ stiffnesses), and constants

C and a for the corrective springs’ formulation.

5.2 Inverse approach for stump-socket interaction

5.2.1 Theoretical basis

The interaction of the residual limb and the prosthetic socket is a highly dynamic process [297]. However,
for simplification, we will consider the static case of the standing up configuration. In this case, we assume
that the patient’s weight is equally distributed between the two legs. Thus, we consider that the prosthetic
device bears a vertical load that is equal to half of the patient’s weight. Let M be the weight of the patient
in kg, and g the gravitational acceleration, the total force, in terms of Newton, applied by the body to the
prosthetic socket during the standing up posture is expressed by the following equation:

g = - € (36)
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The S’ in FS stands for ‘Socket’, and €, is the unit vector of the vertical axis in the Euclidian 3D space.
According to the third law of Newton, the socket is applying to the patient’s body, in this case, the residual

limb, a force FR, equal to FS in magnitude, but opposite in direction. Therefore, the force applied by the
socket to the stump is expressed as follows:

FR=—"22¢, (37)

Considering o® the total torque applied by the socket to the residual limb, since the system is in
equilibrium, we consider that the total torque is null. The parameters of the interaction between the socket
and the stump are illustrated in Figure 53.

Stump

Socket

(b)

Figure 53. illustrations of the applied loads by the socket to the stump during the standing up posture (a) and the
force components applied to a single node of the stump’s surface (b).

In a discrete domain where the residuum is represented by a group of nodes, as in the MSS-CS model (that
will be applied in our present study), the total force applied to the stump is equal to the sum of the forces
applied individually to each node. Since the load under investigation is an external load applied to the
surface of the stump, the nodes of interest will be the surface nodes. Let Q be the domain of the 3D surface
nodes of the stump, N be the number of these nodes, and pi € Q is of these points with i€[0, N-1]. The total

force Fr can be expressed as follows:

=

-1
FR= % Fi (38)

i

1]
=]

where Fi is the force applied by the socket’s surface to the node p;. As shown in Figure 53a, this force is
the resultant of two forces: the normal contact force f", and the tangential static friction force F}r as

follows:
Fi= Fi+F} (39)
Equation 39 can be thus expressed as follows:
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N-1
(Fi+FL) (40)

i=0
We here consider the static friction since the standing up posture is a static case. The static friction is
basically directed in the opposite direction of the applied tangential force. In our case, this friction is the

response to the vertical force FR which makes an angle 6; with the tangent of the stump surface at each
point p; (Figure 53b). Thus, the frictional norm at p; will be estimated as follows:

Ff. = uFf, xcos(6;) (41)
where w is the friction coefficient constant between the socket and the stump. From equations 37, 39, and
71, we deduce the following expression:

Z Fly

N

PR Z - [0 (42)
Mg

:0 e

N
Z Fl, + uF} X cos(6;)
_l=0 n

where F},, F}, and F}, are the components of the 3D vector F/ in the Euclidian space.

The same analogy can be applied to the torque. Each FL applied to p; is creating a torque applied to the

stump with respect to its center of Inertia C,. This individual torque noted @, is expressed as follows:

= F! x B (43)

The total torque, @&, that is a null vector as aforementioned is the sum of the individual torques &* applied

=Za=2(ﬁg xPC) =0 (44)
i i

at each point, thus:

5.2.2 Inverse approach

A. The principle

Let I's be the field of 3D vectors representing the force distribution applied to the stump surface. These
forces are assumed to be normal vectors to the surface of the stump since they are supposed to represent

the normal contact forces. To each p; € Q, we assign a force T«‘)E e T':. this force, supposed equivalent to a
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contact force with the rigid surface of the stump during the standing up posture, produces a static friction

force F},, as expressed in equation 41, and a torque @ with respect to the stump’s center of inertia as

expressed in equation 43. Given the deformed surface of the stump as a response to the applied forces I,
we consider that these applied forces are equivalent to a contact force with a rigid socket, whose inner

surface morphology is equal to the shape of the stump’s deformed surface and subject to a total force equal

to FR expressed in equation 42 and a total torque &® as expressed in equation 44.

In other terms, to be equivalent to the contact force distribution with a rigid socket during the standing up
posture, an applied force distribution to the stump surface I'r should respect the equalities shown in
equations 43 and 45. The shape of the socket surface is then equal to the shape of the deformed stump’s
surface.

B. The comfortability

We consider that a socket is comfortable during the prosthetic usage if the applied stresses to the stump
don’t cause pain. Inappropriate pressure distribution can generate many discomforts, and high local
pressures applied for a long time to the skin may cause skin problems. As the relationship between stresses
and discomfort varies for each subject depending on weight, residual muscle tonicity, and lifestyle ,
identifying pressure threshold values can be the first step to reduce potential discomfort . Many
researchers attempted to measure these thresholds , however, standard threshold values are not
available yet, especially because they depend dramatically on the status and unique features of the patient
residual tissues.

In the present study, the pain-threshold distribution measured for each stump is assumed to be available.
This pain-threshold distribution is assigned to the stump’s MSS-CS model, translated into maximum force
values, noted F. 4, assigned to each surface node pi € Q. The comfortability is thus achieved as long as

the following constraint is respected:

F! <F! hax for any ie€[0,N—-1] (45)

C. The stability

Ideally, the socket would transmit forces from the user limb to the prosthesis and vice versa with perfect
efficiency, transferring any movements of the residual limb bone without loss of motion to the prosthetic
limb. However, an inappropriate socket fit may cause instability of the prosthetic device. The instability is
a complex behavior that may include tilting and slipping. Whereas tilting is related to the fact that the soft
tissues between the prosthetic socket and the residual limb bone are not rigid, the slipping behavior is a
translation movement of the socket with respect to the intrinsic bone that occurs when the external forces
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pulling the prosthetic down exceed the static friction force . Usually, this phenomenon leads to the
“pistoning” that occurs when the residual limb slips up and down inside the prosthetic socket while
walking, and also relates to the friction between the socket and the stump. Therefore, we assume that a
stable socket, that does not exhibit a pistoning behavior, is the one that provides sufficient static friction
against the pulling downforce. The static friction at each surface point p; € Q against a vertical
pushing/pulling force is given in equation 41. The total static friction is the sum of these individual static
frictions, and expressed as follows:

N-1 N-1
Fr = Z Ff. = z (uFf, X cos(6;)) (46)
i=0 i=0

Thus, we consider that a stable socket, with no pistoning behavior, is the one that respects the following
constraint:

Ffr = Ffr,min (47)

where F g, iy IS a certain predefined minimum value of the static friction. In the present study, we assume

that the slip of the socket is mainly due to a weak friction force that is not able to resist the weight of the
prosthesis, therefore, F ;. ., Will be set as the weight of the prosthetic device, which is around 2Kg

D. Summary of the proposed approach

The proposed method consists of finding the shape of the socket inner surface, from a normal pressure
distribution applied to the stump surface along with the deformed geometry of the stump model. The applied
pressure distribution is considered as the equivalent of the contact pressures between the stump and the
well-fit socket to be found. To be so, the applied pressure distribution should respect the four constraints
expressed in equations 42, 44, 45, and 47.

5.3 Interactive parametric design

To easily apply the pressure distribution to the stump’s surface, we developed a parametric tool that allows
the user to apply a local pressure spot in the desired location and with the desired size and magnitude by
simply tuning some parameters. These local pressures are in fact the analogical concept of the local
modifications applied in the conventional socket fabrication method: pressure is applied where the
prosthetist usually removes plaster from the residual limb’s replica to tighten the socket. The overall
pressure distribution is created by applying multiple local pressures where needed. The idea consists of
representing the local pressure distributions using parametric functions. Since the residual limb is a
cylindrical-based shaped object, we chose to use the cylindrical coordinate system to express the parametric
functions (Figure 54).
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Figure 54. The cylindrical coordinate system for a transtibial residual limb model.

A CAD tool is also created to allow the user to identify the shape of the socket brim. The brim line is also
parametrized by defining some key-points and generated using the spline model.

A. Local pressures

We used the three key-functions shown in Table 5 to build the parametric functions of the local pressures.
These three key functions consist of a co-sinusoidal function, a multiplication of two sigmoid functions,
and a ramp function respectively.

Notation Expression Representation Parameters
feos(x) N
Cos 1 m(x — x) . /N dR
=3 1 + cos — if x € [xg — Ry, xo + Ry] /N Xo and Ky
* S N
0 otherwise Re 7
1 ‘-"; I;
SIG fs16(x) = : 1 X1, Xz and A

[1+ e-A—x0)] % [1+ eAx—x2)]

1 if x <x TN
(x —x2) ] AN
RMP frup(x) = m if x € [xq1,%5] x; and x,
0 if x> x, _

Table 5. The key-functions used to build the parametric functions of the local pressure distribution.

Again, the pressures are translated into forces because we are dealing with the MSS-CS model consisting
of nodes. Each pi € Q can be represented in the cylindrical system with its cylindrical coordinates
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(pi, 0;, h;). The applied force to pi is noted f*. The function of the force’s distribution f is defined as the
multiplication of two functions fg, and f, (functions of 8 and h respectively), as follows:

fp) = AX fg(8;) X fr(hy) (49)

‘A’ is a constant that represents the amplitude of the function. fg and fj are functions chosen from the
list of key-functions in Table 5. Thus, we define the four parametric functions of the local applied forces
listed in Table 6 where the results of the application of these parametric pressures to a cylindrical object are

represented.
Notation COS2 SIG2 COS-SIG GRAD
fo COS SIG COosS 1
fn COS SIG SIG RMP

Representation

Parameters A, 0y, Rg, hy, Ry, A,0,,05, 29,01, 0y, A | A, 60, Rg, hy, hy, Ay, A hy,h,

Table 6. The parametric functions of the local force distributions.

B. Proximal brim

Whereas the applied force/pressure distribution aims to produce the stump soft-tissues deformation in order
to identify the shape of the socket's inner surface, the brim line should also be identified to specify the limits
of the contact surface, and consequently, the limits of the socket model. There are two types of lower limb
amputation: the transtibial amputation, also known as below-knee amputation, and the transfemoral one,
also known as above-knee amputation. For each of these two cases, several types of prosthetic socket exist.
For instance, Patellar-Tendon Bearing (PTB) socket is known to be the widely used concept for the
transtibial residual limbs, whereas the sub-ischial quadrilateral socket (QUAD) and Ischial Containment
Sockets (ICS) are examples of transfemoral socket designs [41]. To cover all these cases, a library of brim
lines, corresponding to each one of the socket designs, has been created. The brim line is defined by its key-
points whose locations can be adjusted by the designer, and then generated using the spline model. In
particular, we used Akima spline thanks to its stability. When selecting a brim line type and adjusting its
shape, all the applied forces to the surface nodes located above the line are eliminated. The line is also used
in the final model generation phase to slice the socket geometry accordingly, then a thickness is applied to
obtain the final model.
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C. Implementation

C++ programming has been used to implement the parametric functions of the pressures to be applied
shown in Table 6 and add them to the MSS-CS simulation platform (Figure 55a). Some tools are added to
the graphical interface to allow the user to choose the functions to apply (Figure 55b) and tune their
parameters (Figure 55¢). The design constraints expressed in equations 42, 44, 45, and 47 are calculated
inside the simulation loop. Regarding the constraint related to the comfortability (EQ. 45), the system has
been designed to saturate any applied force to any surface node of the stump model so it does not exceed
the maximal value attributed to the node. Regarding the other constraints (EQ. 42, 44, and 47), a “radar
chart” has been added to display the related feedback in real-time (Figure 55d). Fx, Fy, and F; are the
components of the force FR in equation 42. Ty, Ty, and T, are the components of the torque R in equation
44. And the ‘stability’ parameter represents the total friction force in equation 47.

(b) | stump s ML ¥ Prosthetic ltem: ) 4 | Fo3 ©
..... ;. :m ataamas] Parametric Function
Select ref. point > @ \\ W= % F' AV T &
Sockt thcknes
Shaping parametric functions Al LeR Thel rove presare
. Lateral Flare Right Tibial Flare Pressure
Brim of the socket Posterior / Politeal Left Tiial Flere Pressure
Generate the socket Cust Right Tibial Flare Pressure

Right Lateral Pressure

Left Lateral Pressure

Total torque Total friction
force

Posterior Pressure

Posterior Pressure
Global Pressure
Brim

stability
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Horizontal position
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Figure 55. The socket design system: (a) the GUI of the system; (b) interactive elements to apply the parametric
functions; (c) list of applied parametric functions and parameters’ tuning tools; (d) the radar chart displaying the
real-time feedback (the green line represents the normalized value of each variable and the yellow circle represents
the target values).

The values in this chart change instantly during the running simulation while the user adds parametric
functions or changes their parameters. An optimal pressure distribution, i.e. that respects the predefined
constraints, is reached when all the values in the chart align with the yellow circle. This circle represents
the value O for the three components of the torque (EQ. 44) along with Fx and Fy (EQ. 42), half of the
patient’s weight for Fz (EQ.42), and the weight of the prosthetic device for the stability parameter.
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5.4 Application and accuracy evaluation

The proposed parametric prosthetic design method was applied and evaluated with the transtibial stump
model fabricated from the CT dataset as described in Chapter 3. The parameters of the MSS-CS model
were chosen to reflect the physical properties of the soft tissues. For instance, the material density is set to
1060 Kg/m3 [248]. The static friction coefficient between the limb and the socket is set to u=0.5 [300]. For
the patient’s weight and the soft tissue elasticity modulus, we consider two cases for each one. 60Kg and
80Kg were chosen as the patient’s weight in this experiment, whereas the two values of the Young modulus,
100KPa, and 200K Pa, were used, knowing that these values are within the range of the soft tissues Young’s
modulus reported in the literature [75, 247]. The four combinations of these parameters form the four study
cases in the present experiment. In each case, the pain-threshold distribution has been assigned to the
stump’s model. We used, as maximum bearable pressures, the maximum of the pressures measured by
Safari et al. [145] for a comfortable transtibial socket during a standing posture. These values are shown in
Table 7.

Notation Description Pressure (KPa)
MF Medial Flare 53.7

PT Patellar Tendon 189.72

FH Fibular Head 45.85

POP Popliteal 60.86

AD Anterior Distal 98.77

Table 7. Used values of the pain-threshold pressures in the key zones of the stump model.

To form the pain-threshold distribution on the overall stump surface (Figure 56), the inverse-distance-
weighting interpolation has been applied.

! 200KPa
H— 100KPa

l 0mm
(@ (b)

Figure 56. the pain-threshold distribution assigned to the stump's surface: (a) front-lateral view, (b) back-medial

view.
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For each case, the socket is designed and generated using our proposed method. For validation, FE
simulations were performed between the stump and the generated socket to compare the resulted contact
pressures with the applied and optimized pressure distribution during the design phase. The choice of this
comparison is motivated by the fact that, in our inverse approach, the applied pressure distribution is
considered equivalent to the contact pressure with the socket to be designed. The FE simulations were
performed using Abaqus software with the same mesh used in the MSS-CS model of the stump (19,521
nodes and 18,099 hexahedral elements). We performed a convergence analysis to verify the use of this
mesh: the interaction between the socket with the stump has been simulated in Abaqgus with four different
meshes (with a number of nodes equal to 3501, 7556, 14317, 19521 respectively), and the contact pressures
in three key-points of the stump (patellar tendon, medial flare, lateral flare) have been collected. The
selected mesh showed a variation rate of less than 5% for the pressures in the preselected points. Regarding
the boundary and loading conditions, the socket model has been displaced 18cm down from its final position
around the stump (Figure 57a). The nodes related to the bony structure in the stump model have been
constrained in the space. The used material parameters of the soft tissues (density and Young’s modulus)
are similar to those used in the MSS-CS model. The Poisson ratio has been set to 0.45 [117]. The rigid body
property has been used for the socket model. A surface-to-surface interaction method between the two
simulation actors has been used, with ‘Hard Contact’ as interaction normal behavior, and a penalty friction
formulation with a friction coefficient equal to 0.5, as set in the design phase using the MSS-CS model.
The FE simulation consisted of 2 steps: a first step where the socket donning was simulated under
displacement control, to generate initial interaction between the 2 objects, then a second step where an axial
load at the base of the socket, equal to half of the weight of the patient, was applied. After the second step,
the contact pressure distribution has been visualized and compared to the parametric pressure distribution
applied by the designer in the socket design phase. For a quantitative comparison, pressure values from the
points existing on the front vertical line (Figure 57b), the back vertical line (Figure 57¢), and those existing
on the circumference of the stump (Figure 57d) were used.

(a) (b)
Figure 57. The initial state of the FE simulation of the stump-socket interaction using Abaqus software (a), and the
three paths chosen for the quantitative evaluation: (b) the front-line, (c) the back-line, (d) the circumference.

(d)
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5.5 Computational results

5.5.1 Socket design outcomes

The proposed design process was applied to the CT-based stump model and Figure 58 shows the main steps
of the parametric design process. Whenever a local pressure spot is applied, the radar chart returns instantly
the results of the constraints verification. The pressures were applied mainly to the areas where the socket
is tightened during the conventional fabrication method: patellar tendon, popliteal zone, medial and lateral
flares, and tibial sides. RMP function is also applied to create an overall distal pressure to boost the vertical
reaction of the stump against the patient’s weight. The values of the parameters of the applied pressures’
functions vary between the four study cases and were tuned until reaching the target values in the radar
chart. A brim line is also selected to eliminate the pressures outside the contact surface borders, and adjusted
according to the radar chart feedback. Noting that, during the overall interactive design process, a dynamic
simulation of the soft tissues’ deformation was running to produce the deformed stump’s model. Finally,
the 3D surface of the socket is reconstructed from the deformed stump’s surface and then extruded with a
5mm thickness to generate the 3D model of the socket. Figure 59 and Figure 60 illustrate the results of this
process (the final applied pressures, the stump deformation, the generated socket) for the 60Kg and the
80K g patient’s weight respectively.

MSS-CS model RMP funcnon COS2 function for patellar COS-SIG function for COS-SIG function for
of the stump tendon pressure lateral tibial side pressure lateral tibial side pressure

EXP2 function for medial EXP2 function for lateral EXP2 function for inferior EXP2 function for inferior COS-SIG function for
flare pressure flare pressure medial tibial side pressure lateral tibial side pressure lateral tibial side pressure

) ) o ] Socket
Adjustment of the proximal brim line J Model

COS function for popliteal
pressure
Figure 58. Illustration of interactive steps of the parametric socket design process applied to the CT-based stump
model.
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5.5.2 Evaluation with FE Simulations outcomes

The contact pressure distribution resulted from the FE simulations of the interaction of each stump with its
generated socket is shown in Figure 61. The qualitative comparison between the FE results (Figure 61) and
the applied pressure distributions (Figure 59 and Figure 60) show a very good level of correspondence. This
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observation confirms the fact that the pre-applied pressures during the design phase and managed by our
predefined constraints are equivalent to the contact pressures between the stump and the post-generated
socket. Besides, a gquantitative comparison for the three specific paths (Figure 57) has been performed,
whose results are shown in Figure 62, Figure 63, and Figure 64. The points in the front-line and the back-
line are defined by their height coordinate, whereas the points of the circumference point-set are defined by
their angular coordinate in the cylindrical system. As in the qualitative comparison, the quantitative one
also shows an acceptable overall correspondence. The pressure absolute error is 1.44 + 2.13 KPa in the
front-line point-set, 3.66 + 4.56 KPa in the back-line, and 3.43 + 2.62Kpa in the circumference. A high
error was witnessed in the back-line at the contact area with the socket edge. The error ratio at this point is
higher in the case where the elasticity modulus of the soft tissues is equal to 100 KPa (37.2% for the 60Kg
weighted patient and 40.03% for the 80Kg case) and the related correlation coefficient is equal to 0.90
and 0.91 respectively, whereas smaller errors are shown for the 200 KPa soft-tissues’ elasticity modulus
case, with 23.8% and 26.2% for the 60Kg and 80Kg weighted patient respectively and correlated
coefficient equal to 0.95 for each case. For the high error is located at the contact point with the socket
model’s edge, this may be a singularity pressure point. Further investigations are needed to be carried out
to confirm this finding. The obtained results, shown in Figure 62, Figure 63, and Figure 64, revealed that
the contact pressures resulted from the FE simulation are still below the pain-threshold curve, confirming
the comfortability of the designed sockets according to our predefined criteria.
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Figure 61. The contact pressure distributions resulted from the FE simulations. (a) M=60Kg and E=100KPa, (b)
M=80Kg and E=200KPa, (c) M=80Kg and E=100KPa, (d) M=80Kg and E=200KPa.
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Figure 62. Contact pressure resulted from the FE simulation compared to the applied pressures and the paint-
threshold for the front-line point-set, for 60 Kg patient (a) and 80Kg patient (b).
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5.6 Discussion

Socket design is a complex engineering task. The computer-aided parametric design opens new directions
for enhancing the design accuracy and time leading to reduce medical costs. Currently proposed solutions
do not allow a socket design to be locally optimized. In the present study, the use of an inverse approach
focusing on constraint satisfaction coupled with the efficient MSS-CS model provided a rapid and
interactive design process with real-time soft tissue deformation feedback. Using an HP 16GB RAM Intel®
Core™ i7-7700HQ 2.8GHz CPU workstation, the time-step of the simulation performed with the testing
model took 119+23ms. Even with this relatively large time-step, the system exhibits a rapid and stable
deformation simulation. This showed the interesting characteristics of the used inverse approach since a
direct simulation including the discrete contact formulation already implemented along with the MSS-CS
(described in chapter 3) would not provide a stable simulation. In particular, this overcomes the high
calculation cost of the FE method widely used in other works [76, 191, 194]. Moreover, our obtained results
showed a high accuracy level versus FE outcomes, with a correlation coefficient greater than 0.90 and
overall absolute pressure error equal to 2.5+2.75 KPa. In fact, our approach provides a relatively fast and
highly customized computer-aided design, assisted with numerical feedback for objective design
assessment, and reduces the dependence upon the high-cost specialist.

A comparison with the previous works is also shown in Table 8. In fact, few works have reported the
accuracy level of their socket design approach. Usually, manual geometrical manipulations are used [69,70,
72] to mimic the conventional design steps and rules while the judgment is assigned to the designer during
the design phase and the patient in the post-fabrication trial session. For the sake of objectivity, FE
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simulation is usually performed to predict the pressure distribution on the stump surface during the

prosthetic use [71, 73]. It is well known that this complex FE simulation is very slow and impractical for

an interactive design system dedicated to clinical use. On the other hand, automated numerical approaches

[77-80] offer a foundation of an objective assessment criterion, but at the expense of design flexibility and

customization. In contrast, our approach provides an interactive, practical, rapid, highly customized, and

accurate design assisted with objective numerical real-time feedback.

Accuracy
Design
Study Technique Design assessment (pressure Ref.
customization
errors)
The present Constraint-satisfaction Numerical real-time
P technique based on an Very high 2.5+2.75 KPa
study . feedback
inverse approach
Bonacini et al 3D-scan of the stump + Equal to the
2007 * CAD geometrical FE simulation stump’s N/A [71]
processing surface shape
Huetal  Manual CAD cocgrerandno | veryhig N/A 72
2010 manipulation g . .p y e
fabrication trial
M | CAD
Colombo et m:rr:iua:.llgtion assisted b Personal judgement of the Very high N/A [73]
al. 2013 P . v designer and FE simulation yhig
FE calculations
Personal judgement of the
Tzeng et al. Manual CAD . .
Vv high N/A
2015 manipulation desgner and  post ey g / [70]
fabrication test
Colombo et Automatic modifications
based on lifestyle and N/A Low N/A [77]
al. 2016
stump parameters
Personal judgement of the
Nayak et al. Manual CAD . .
Vv high N/A
2016 manipulation de5|gr.1er.and post ey g / [69]
fabrication test
Multiple solutions
Steer et a. . provided by the system.
- <
2019 Statistical-Shape Model The final choice is made by Low 4 KPa [79,80]
the specialist.
. Eigen vector algorithm . .
Li et al. 2019 Post-fabrication trial Low N/A [78]

method

Table 8. Comparison of the proposed approach with the available socket CAD systems

Soft tissue exhibits commonly a complex anisotropic, viscoelastic, inhomogeneous, nearly incompressible

behavior with large deformation. A large range of computational methods such as FE modeling methods

and their variations have been commonly used for developing soft-tissue deformation models [301]. Despite
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a high accuracy level, the use of FE-related methods needs high computational cost and real-time feedback
can be also reached with model simplification or specific hardware implementation. Thus, real-time soft
tissue deformation remains a challenging issue in the biomechanical field. To provide an efficient approach,
a novel approach was proposed to estimate the soft tissue deformation using the Mass-Spring System
coupled with corrective springs (MSS-CS). The formulation simplicity and the low computational cost of
the MSS-based approach have been shown in many works from video games and computer graphics [302-
303] to surgical simulator domains [227, 233-237]. In particular, our proposed MSS-CS has been validated
with FE simulation outcomes with a commercial solver (i.e. Abaqus). This model was integrated into our
parametric workflow and provides real-time soft tissue deformation feedbacks with an average rendering
speed of 120 FPS and a calculation speed of 9 FPS. This is the first time that this approach has been applied
to the prosthetic domain. However, linear elasticity has been used to represent the behavior of soft tissues.
Further studies need to be investigated to add more realistic behavior of soft tissues into our MSS-CS model
to enhance the quantitative bio-feedbacks.

The interaction of the soft tissues with a medical device such as a socket in our study is extremely complex
to be described. This requires commonly multi-scale characterization and modeling for a better
understanding of tissue-device interface behavior [304-305]. Moreover, long-term analysis is required to
give a complete view of this complex interaction. The bone-implant interface has been largely studied [306-
307]. However, soft tissue interaction with the medical device remains a challenging issue. Especially in
the context of socket design, the relationship between mechanical loading and painful effects is still
misunderstood. To provide an efficient solution for this complex interaction, an inverse approach was
proposed in the present study. This approach is simplified but efficient to describe the stump-socket
interaction. To the best of our knowledge, this is the first use of the mass-spring system as well as the
inverse approach in the prosthetic design field. This allows developing the interactive design system, which
was not achieved in the case of direct FE calculations [76, 191, 194]. The inverse approach eliminates the
need for a contact formulation to predict the pressure distributions between the socket and the stump. It is
important to note that a discrete contact formulation implemented with the MSS-CS model takes around
48% of the calculation time. In addition, it requires decreasing the time-step size (or the calculation pseudo-
time) for the sake of stability which would slow down the simulation, as reported in chapter 3. Moreover,
the present work provides the first explicit and instant numerical feedback for an interactive prosthetic
socket design. Commonly, the prosthetic CAD consists of scanning the geometry of the residual limb and
then applying patient-specific modifications to the model, mimicking the artisanal conventional method
[90, 308-309]. This approach is followed by the currently used commercial prosthetic CAD systems where
the designed socket’s fit is still strictly correlated to the personal level of experience of the prosthetists as
well as the subjective feedback of the patient. Recently, automated socket design methods were proposed
and studied, either by using a predefined relationship between the geometrical operations and patient-
specific parameters [77], or by using previously fabricated sockets as dataset weighted based on the design
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experience of the prosthetists [78], or even by parametrizing the design using Statistical-Shape Modeling
(SSM) [79]. However, pieces of the complete socket design are still missing. The first and second
approaches [77, 78] provide estimations of the magnitude of the geometrical modifications to be applied to
the stump model, without handling their sizes and locations. The SSM approach [79] provides an
approximated overall design concept based on the most influencing Principal Components (PCs) and
neglecting the information related to the low-influencing ones, and thus, it doesn’t provide the flexibility
to perform customized local geometrical operations for each specific patient. Moreover, these works are
strictly based on datasets reconstructed from manually fabricated sockets and that was not subject to an
objective assessment. The parametric tool implemented in our system overcomes these limitations by
allowing a highly customized design capacity including local geometrical operations. These operations are
parametrized in terms of their shapes, locations, sizes, and magnitudes. Furthermore, soft tissue
deformations are fed into the design process to adjust the design leading to an optimized solution satisfying
patient-specific geometrical and mechanical constraints.

In addition, the developed interactive design system with its user-friendly interface provides support to the
prosthetist’s evidence base. As shown in Figure 58, the manual manipulations to be applied are equivalent
to those performed while shaping the socket surface in the conventional fabrication method. What this
system adds to the clinical practice, in particular, is the parametric design tool for easy manipulations with
no need for CAD skills, along with visual feedback indicators in form of a radar chart as objective judgment
support. Moreover, the parametrization of the design opens the door for possible automatic optimization of
the socket. During the conventional socket test, the prosthetist looks for a pain-free prosthesis as a sign of
its comfortability. Our system uses the concept of the pain-threshold as a numerical translation of this
criterion for the sake of objectivity and independence from the subjective feedback of the patient. Instead
of the manual palpation to inspect the stump and estimate the socket shape modifications, the system
provides a tool dedicated to the reconstruction of the customized pain-threshold distribution. The
measurement of these thresholds is out of our scope but was the focus of many previous studies [126-130].
It is important to note that the paint-threshold measuring is still not a simple task to carry out, and relies on
the subjective feedback of the patient since the pain is a subjective personal experience unable yet to be
measured. Furthermore, the visual feedback indicators simplify for the prosthetist the engineering concepts,
so he can reach a surface pressure pattern that is equivalent to the contact pressure with the well-fit socket,

in other terms, to reach a deformed surface that is equivalent to the shape of the socket he’s looking for.

The main limitation of this study deals with the fact that only static standing up with normal pressure effect
was considered as loading condition. It is well-known that stump-socket interaction is highly dynamic.
Thus, the dynamic mechanism should be further integrated into the proposed inverse approach taking into
consideration the shear behavior. Moreover, the accuracy of the proposed method is highly dependent on
the quality of the generated mesh of the stump model. Highly irregular elements lead to undesired
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deformations. In particular, the MSS-CS model is based on the hexahedral mesh whose generation is still
not a simple task. Further future works related to the enhancement of the MSS-CS model and meshing
process may be carried out.

Another limitation of the present study relates to the use of a dataset from a normal subject to fabricate the
stump model. Thus, the application of the proposed process should be applied to real patients with a residual
stump structure. For this purpose, the visual sensor fusion solution developed (described in the previous
chapter) could be used to acquire the 3D geometries of the stump, and the generated model will be integrated
into our present process. Finally, our interactive design process requires manual manipulations with the
clinician’s expertise to adjust the design based on soft tissue deformation feedbacks. Thus, this design
approach may be later automated and optimized using an automatic optimization algorithm.
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General Discussions

Chl‘rf'fmgghgpter, the thesis objective is recalled, our achievements are summarized and generally discussed,
and our scientific and technical contributions along with our system limitations are highlighted.

6.1 Thesis objective

This project aims to study a way to optimize the design process of the lower limb prosthetic socket, in terms
of production time, cost, and design reliability. Since the prosthetic socket is a tailor-made product designed
to fit with the residual limb of the amputee having unique shape and characteristics, establishing numerical
standards for the design and realization of the prosthetic socket is still not a simple task. The current socket
design practice is still manual and based on the personal know-how of a specialist, its subjective judgment
based on his experience, and the feedback of the patient during the post-fabrication trial sessions. Even the
provided CAD systems still follow this manual approach. Usually, a trial-rectification iterative process is
needed until reaching the well-fit socket that acquires the amputee’s satisfaction. Thus, this is a long-time-
consuming process, high-cost, and based on subjective assessment criteria that negatively impact the design
reliability. Establishing an alternative optimized socket design and fabrication process is needed to enhance
prosthetic production.

It is assumed that a fully numerical alternative solution is mainly based on the digital model of the patient’s
stump including all its unique features. Therefore, a typical workflow of such a process consists, of four
main steps (Figure 2): scan of the residuum, generating the residual limb model, numerical computer-aided
design of the socket, computer-aided manufacturing. This thesis focuses on the three main steps related to
the design phase, and the objective is to propose and study a complete prosthetic design system from limb
scanning and system modeling to the digital socket shaping, providing a fully numerical solution for the
socket design, to objectify the socket analysis, reduce the process time and cost, and eliminate the
dependence upon skilled orthopedists.

6.2 The achieved system

During the three years of work, we eventually realized a fully numerical prosthetic socket computer-aided
design process whose input is the patient’s biological limb, and output is the virtual model of the
corresponding socket (Figure 65).
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Figure 65. the diagram of the achieved system

After receiving the amputee, the process starts by 3D scanning the residuum’s geometry using the Kinect-
fusion scanning platform. Microsoft Kinect v2 sensors are used for their low-cost and scanning potential,
and four sensors were combined for a rapid scan. A 3D geometrical model of the stump is then given in
STL (stereolithography) format. The model is meshed following a hexahedral configuration and the related
Mass-Spring model is generated. The Mass-Spring System (MSS) is proposed in this project as an
alternative to the widely used Finite Element Method (FEM) to model the deformations of the stump’s soft
tissues, thanks to its simplicity and relatively low computational cost. In fact, in the context of an interactive
design process with real-time quantitative feedback provided during the interactive shaping of the socket,
or even in the case of an automatic design optimization process, a rapid calculation becomes crucial. A new
configuration of the MSS is proposed to add to the model the volume conversation property of the soft
tissues, by introducing non-linear diagonal Corrective Springs (CS) whose stiffhess is variable in function
of the volume change. After the modeling step, the MSS-CS model of the stump is imported by a socket
parametric design platform, where real-time numerical feedback is given to assist the designer and guide
the designing process. The feedback comes from constraints postulated as a numerical definition of the
design of the well-fit socket and is displayed in a radar-chart. The real-time calculations were possible
thanks to the simplicity of the MSS-CS model along with the use of the inverse calculation to estimate the
stump-socket interaction stresses.
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A good precision level is required in the prosthetic design application since it is known that the fit-quality
of the socket is highly sensitive to small changes in the socket dimensions. The accuracy of each step of the
system’s workflow has been measured and compared to previous similar works. The fusion scheme of the
Kinect v2 sensors with the applied error reduction techniques showed a remarkable reduction level of 3D
geometrical reconstruction errors compared to state-of-the-art scanning techniques. The absolute error
values of the 3D geometrical reconstruction of a stump-like cylindrical object are between 1.2mm and
1.8mm which are 0.8% to 1.3% relative to the scanned object diameter, versus 2.75mm average error using
the ultrasound scan [191], 1.4% to 4% (and may sometimes reach 8%) using the image processing technique
[99], and 1.4% to 2% using a portable scanner [98]. At the modeling level, it is the first time that the MSS
is applied in the prosthetic field, therefore it was not possible to compare our results with peer research in
the literature. The outcomes of the MSS-CS calculations were compared to those coming from valid FE
software (Abaqus). These two data outputs showed a correlation coefficient equal to 0.77 for a stump-socket
interaction during a donning process, and 0.90 to 0.95 for the final output of the system (the socket design).
The higher errors given by the interaction simulation may be due to the different contact formulations used
in Abaqus and our MSS-CS simulator, and a high correspondence is shown in the design step where the
inverse calculation approach is applied (without direct contact calculation) which reveals a good precision
level in the deformation calculation of the soft tissues using the MSS-CS model.

The process is fully numerical. It is based on a numerical model of the residual limb, captured by the
scanning step and automatically modeled by the second step. Still, some parameters related to the model
are to be provided manually such as the elastic modulus of the soft tissues, and the pain-threshold on the
surface of the stump. Actually, these two parameters are the numerical translation of the palpation
performed by the prosthetist in the conventional method to inspect the stiffness of the soft tissues and
estimate the pressure-sensitivity at the key-points of the residuum. Furthermore, manual manipulations are
still required to be performed in the socket design step mimicking the shaping steps in the conventional
method. However, these manipulations are parametrized for easier application in the current system, and
for potential future automation of the process. On the other hand, the numerical definition of the well-fit
socket, given in equations 42, 44, 45, and 47, provides a numerical approach for the design evaluation,
which is instantly given to the designer during the designing phase as an objective assistant. This original
point, which is not reported so far in the literature, is a numerical alternative to the subjective interpretation
of the patient’s feedback by the personal experience of the prosthetist.

Our socket parametric design method assisted with real-time feedback can be framed as a formal
engineering design optimization problem. In this case, the parameters of the applied parametric pressures
function as design parameters across a multi-dimensional input space, and the resultant contact pressure
field is formulated as the objective function (also called cost function). Since the discomfort is usually
associated with the contact pressures, the objective is to minimize the formulated cost function to reduce
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the pain and thus increase comfort. It is also managed by the postulated constraints that ensure the stability
as well as the correspondence of the input parameters with the mechanical formulations. Whereas our
system consists of manual tuning of the input design parameters following a trial-error approach to find a
possible solution to this optimization problem, it is also possible, as future work, to elaborate an
optimization solver looking for the optimal solution.

The system does not provide an optimization just for the socket design not also for the production process
itself. The target here is to reduce the cost and time of the design and fabrication process, therefore, the
objective/cost function is to be formulated as a function of these two parameters. First, the capital cost of
the system has been reduced thanks to the cheap Kinect sensors that we’ve used. Besides, it consists of a
CAD system that does not require highly skilled labor. Second, this process effectively reduces the
production time. Whereas a socket consumes several days to be shaped in the current practice [46], it needs
no more than a half-hour to be designed by our system, thanks to the postulated numerical criterion to assess
the socket design that is supposed to eliminate the need for repetitive trial/rectification sessions. The Kinect-
fusion scheme allows relatively rapid scanning of the limb that takes almost 25 seconds (Figure 50), the
modeling step takes around 2 minutes, and the whole parametric design process (Figure 58) that produces
the final socket model took no more than 15 minutes. In addition, this is a low capital system requiring one
workstation and the four-Kinects scanning platform, knowing that Microsoft Kinect cameras are relatively
cheap devices brought to the market at a price equal to a couple of hundreds of dollars for each one. It is
important to note here that most prosthetists don’t rely on a numeric scan of the residual limb either because
of the high-cost as in the case of the medical imaging techniques and expensive optical scanners or because
of the low accuracy level, especially for the commercial low-cost portable scanners. Considering the
previously discussed accuracy level of our scanning platform, our system represents a good Quality/Price
solution hoping that it will be more attractive to be used in the prosthetic field.

Every step of the whole workflow has been implemented with an interactive graphical user-friendly
interface (GUI) including widgets for 3D visualization and manipulation along with all necessary functions,
to enhance the efficiency and ease of use for the underlying algorithms and numerical methods described
in this thesis. The scanning GUI (Figure 43) accommodates graphical interaction elements related to system
calibration, scanning and point-cloud generation, filtering, surface reconstruction, and model export to the
well-known STL format. The GUI of the MSS-CS simulator and parametric socket design platform (Figure
55) is realized with clinical-friendly widgets and functions that represent every clinically performed step in
the conventional socket shaping process.

The design of this GUI has followed the suggestions and feedback of the specialists in ELIMED orthopedic
center, Beirut, Lebanon (http://www.elimedcenter.com/) who satisfactorily evaluated the final system. The

concept used in the clinically applied commercial CAD systems is maintained, but with an additional
parametrization feature which enhances the ease of use and reduces the need for CAD skills. The numerical

102


http://www.elimedcenter.com/

design assistant represented by the numerical feedback given as a radar chart (Figure 55d) is also an original
point that is not provided in the currently used systems, and it also received a positive evaluation from the
specialists. However, this was limited for being a “concept evaluation” of the specialists’ impressions of
this prospective system, and no clinical experimental evaluation is yet performed.

6.3 Main contributions

6.3.1 MSS-CS model for fast soft-tissues deformation

MSS-CS (Mass-Spring System + Corrective Springs) is a model that was proposed in this study to estimate
the deformations of the stump’s soft tissues. The choice of the mass-spring-based system is motivated by
its simplicity and low computational cost allowing to perform fast dynamic simulations, unlike the very
expensive and widely used FE method. This system attracted the interest of many researchers to simulate
the soft tissue behavior in various medical fields, however, it is still not introduced in the prosthetic
application. MSS-CS provides a new configuration for the mass-spring system to simulate the non-
compressibility of the soft tissues, by introducing non-linear volume correction springs whose stiffnesses
are variable in function of the volume variation.

6.3.2 Error compensation strategy for the Kinect v2 sensor

The Kinect v2 raw outputs (X, y, and depth) are subject to some errors. Beside the literature, our observation
shows that the errors are somehow correlated to the output values, which opens the door for possible errors’
modeling. For this purpose, a machine learning system based on the linear regression method was
implemented to predict the errors for each pixel of the output frame of the sensor. The predicted errors are
then used in an error compensation algorithm. Using this approach, the errors have been reduced up to 50%
for every single sensor.

6.3.3 OpenMKS 3D-scanning platform

OpenMKS (Open Multi-Kinect Scan) is an open-source C++ code that we’ve developed as a tool for rapid
and accurate 3D-scanning and shared with the scientific community. The underlying scanning method is
based on the fusion of multiple low-cost RBG-Depth Microsoft Kinect v2 sensors. The implementation
includes a technical solution for the multi-sensor-fusion to one workstation and the aforesaid error
compensation strategy along with an iterative multi-set registration that increased the scan accuracy and
reduced the scanning errors up to 40%. OpenMKS provides a relatively good scanning precision level, and
a rapid scan that takes around 25 seconds, whereas it is reported to take several minutes in other works.
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6.3.4 Constraint satisfaction approach for a numerical socket design with
real-time feedback

Based on the inverse calculation of the stump-socket interaction, arithmetic constraints have been
postulated to define the shape of the well-fit socket. The expected optimal solution is the one that satisfies
the given constraints. These constraints are the basis of the numerical feedback given to guide the designer.
Real-time feedback was possible thanks to the cheap contact-free inverse approach and the fast MSS-CS
deformations’ calculations. The research in the literature suggests that this is the first numerical design

method with a numerical definition of the socket shape and real-time numerical feedback so far.

6.4 Limitations

Our system still exhibits limitations, part of which was already discussed in previous chapters, and further
developments are needed to fill the gaps.

At the scanning level, only the outer surface of the stump is captured and digitized, and no information
about the bony structures and the biomechanical parameters of the soft tissues is directly collected from the
limb. It is important to note that this missing information is necessary to complete the MSS-CS model. In
the tests executed in this thesis, the bones were acquired from the CT dataset and manually placed inside
the model, and the used values of the biomechanical properties of the soft tissues are estimated based on
the literature reported values. In addition, two types of calibration are needed for our scanning platform:
the individual calibration of each sensor to identify the parameters of the relevant error compensation
system, and the overall system calibration for accurate multi-set registration. While the former calibration
type can be performed once during the manufacturing phase, the latter one is necessary before each use
considering the potential risk of system displacement, sensor tilting or movement... etc., which adds up the
time and efforts of a technical task to the clinical practice. The orthopedic technicians of ELIMED center
reported dissatisfaction from the fact that the scanning platform is not mobilizable and has large dimensions
(1.5m x 1.5m). Many of the center’s customers are unable to leave their homes, and the orthopedist, usually,
visits them to inspect the limb and scan it when necessary. The commercial portable calibration-free
scanners are preferable in these cases, despite their disadvantage related to the slow scanning process that

increases the risk of errors related to the involuntary muscles’ contraction or limb movement.

At the modeling level, the soft tissues are simplified as a linear viscoelastic object, knowing that they are
inhomogeneous viscoelastic material with complex biomechanical behavior. This simplification is
motivated by the assumption that the stump-socket interaction does not present large deformations that
would reach the non-linear zone. On the other hand, both linear and hyper-elastic models were tested in
previous work [191], and results show similar pressure distribution for both cases but a considerably higher
simulation speed in the case of the linear model. The shear behavior of the MSS-CS model was not
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investigated. It is important to note that this is still a main issue of the Mass-Spring -based models for the
spring, as a fundamental element in mechanics, does not have a shear property. Besides, the human limb is
known for its very high level of anatomical complexity consisting of muscles, fat, dermic layer, blood
vessels, nerves... etc. Usually, the whole volume of the stump (excluding the bony structure) is simplified
as a homogenous elastic object [74, 180, 181, 194], and a layer representing the liner is sometimes
differentiated and added to the model [186]. The current proposed model follows the former approach,
though it has the potential to follow the latter one.

The MSS-CS model is based on a hexahedral meshing configuration. One of the main issues of this point
is the fact that hexahedral meshing is still not a simple task to be performed, especially for 3D objects with
a non-standard geometric shape. For the moment, this task is executed using the open-source meshing tool
IA-FEmesh [246] and not yet introduced as an underlying function in our system after the scanning step.

One of the very important parameters involved in the designing phase is the pain-threshold distribution. It
is known that this is a unique feature that varies from one patient to another depending on the characteristics
of the residual limb, along with local tissue sensitivities associated with neuromata and soft tissue injuries
which are usually identified in limb assessment by the prosthetist. Pain is a subjective experiment that is
still not able to be directly measured. Usually, pressure sensitivity is measured over various regions of the
stump by mechanical indentation looking for the minimum pressure from which the patient reports feeling
pain [127-131]. This process still relies on the subjective feedback of the patient that can’t be objectively
validated. Anyway, our developed system is still missing this step for it requires an indentation measuring
device, and estimated values found in the literature are currently assigned to the model.

The proposed socket design approach is based on the inverse calculation of the stump-socket interaction
where the well-fit socket is defined by certain postulated constraints that rule the pressure distribution to be
applied to the stump surface. These constraints are derived from a simplified analytical study of the static
stump-socket interaction, but this approach was not clinically validated. The complex mechanical behavior
of the system (during the gait cycle for instance) is not involved in the calculation. It is important to note
that, in the current conventional clinical practice, both static and dynamic tests are performed to assess the
fabricated socket. Therefore, the proposed approach yet does not fulfill all the clinical expectations,
especially regarding the comfortability of the socket during the dynamic usage of the prosthetic device.

Finally, the system has been validated numerically but was not brought to the clinical environment for
experimental validation, which was unfortunately prevented due to the COVID-19 situation. Consequently,
each step of the system has been studied and evaluated separately, whereas no test for the complete
workflow has been performed for global evaluation. It is known that user satisfaction with the socket is
ultimately a subjective measure that depends on a range of human factors such as comfort, pain thresholds,
and proprioception arising from a firm, functional prosthesis-skeletal coupling. This means that the
predictions of pressures and soft tissue strain are not necessarily directly related to comfort [310]. Thus,

105



actual experimental tests are necessary to validate the postulated numerical definition of a comfortable
socket and report the satisfaction level of the patients. Besides, the current system accommodates some
parameters to be tuned. For instance, the constants of the MSS-CS model were manually tuned to reach FE-
like results, but yet not experimentally validated as an actual reflection of the behavior of the soft tissue.
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Conclusions & Perspectives

Chapter 7.

7.1 Summary of the thesis

The initial objective of this thesis was to study and develop a numerical-based alternative process for the
design of the lower-limb prosthetic socket, which shall lead to cost reduction and design optimization. The
socket is the most critical part of the device and consumes the most time and effort of the overall design
and fabrication process of the prosthesis. The review of the state-of-the-art in the prosthetic field shows that
this industry still relies on an artisanal and subjective process where the fit-quality of the final socket is
strictly correlated with the orthopedic technicians’ skills. Even the currently existing computer-aided design
(CAD) systems are based on the same manual approach. That’s why the prosthetic industry needs an

alternative approach that optimizes prosthetic production.

During the three years of this thesis, the initial objective has been achieved by proposing and studying an
innovative CAD-based socket design workflow. The proposed solution is totally based on the virtual model
of the patient’s residual limb which has to be generated for each patient. Thus, the primary three steps of
this process are elucidated as the 3D scan of the residuum, the generation of the related virtual model, and
finally the CAD of the socket. Each of these steps was given specific focus and studied in a way to overcome
the limitations existing in the current related techniques. As for the 3D scanning, we proposed a fusion
scheme of four Kinect v2 sensors along with error reduction techniques. The scanned model is then meshed
and a Mass-Spring based model of the residual limb soft tissues is generated. To our knowledge, this is the
first time that the Mass-Spring System (MSS) is applied in the prosthetic field, although it is popular in
many other medical-related applications. A new configuration involving Corrective Springs (CS) is
proposed to add volume conversation property to the model. This approach offers a fast stress-strain related
calculation of the soft tissues, unlike the widely used Finite Element (FE) method. This fast calculation
plays a significant role in the socket CAD method that we proposed, where an inverse calculation of the
stump-socket interaction is used to provide real-time numerical feedback during the designing phase.
Parametric CAD tools have been implemented in a user-friendly interface.

The system has been validated numerically. The 3D scan exhibits a good level of accuracy compared to
previous peer works, while the results of the modeling approach and the design method show good
correspondence to the Finite Element (FE) outcomes. The achieved system has received a satisfactorily
concept evaluation from experienced prosthetists, and it is to be brought to the clinical environment for
experimental validation.
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7.2 General perspectives

Beside the further work needed to enhance the system, fill the gaps, and overcome its limitations, this
project opens the door for both short- and long-term perspectives.

Further studies are needed to enhance the MSS-CS model, in order to reflect the real complex viscoelastic
behavior of the stump soft-tissues and speed-up the calculation. Experimental validation shall be carried

out to compare the MSS-CS outcome with real stresses’ and strains’ measurements.

In order to complete the modeling step, internal bony structures need to be also reconstructed. Usually,
MRI and CT scans are used to collect the internal geometries [59, 70, 73, 97-101], and this may be a possible
solution whenever medical imaging has been already performed in the clinic. In many cases, however,
medical images are not available, knowing that a prosthetic device may be ordered anywhen during the life-
time. MRI and CT are expensive techniques and not favorable to the low-cost production process. A
potential candidate for this purpose can be the statistical shape modeling method or any other machine-
learning-based method that can study the relationship between the stump surface morphology and the inner
bones’ geometry toward an automatic generation of the latter one. This step can be implemented as an
underlying function in the system along with an automated meshing algorithm to facilitate the use of the
system in the clinical context.

In the context of short-term perspectives, the dynamic interaction between the stump and the socket will be
studied and introduced in the system. There exist various platforms designed to study and analyze the
human gait cycle along with other dynamic movements, such as OpenSim [311]. This is a suitable tool for
studying the dynamic behavior of the stump-socket system, which can be brought to our design environment
by developing an interface that connects OpenSim simulations with our MSS-CS simulator. The system
will allow, thus, a pre-fabrication prediction of the socket comfortability during the dynamic, replacing the
currently practiced post-fabrication dynamic trial sessions.

The ultimate long-term target is to automate the prosthetic production process. While this is still unfeasible
due to the lack of numerical definition of the optimal design, the approach presented in this thesis
transformed the socket design problem into a constraint’s satisfaction problem and provides a
parametrization of the socket shape. This opens the door for future investigation of an optimization
algorithm whose input is the stump model, and output is the values of the shape parameters that should
satisfy the given constraints.

The results of virtual tests and simulations show that the proposed solution is promising for improving the
current prosthetic production and overcoming its limitations such as subjectivity, high-time consummation,
and dependence on high-cost expertise. In addition, a positive concept evaluation has been received from
qualified prosthetists. However, future clinical experiments are needed to be done to validate the system
outcomes and report the satisfaction level of both patients and prosthetic specialists. For this purpose,
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testing prototypes of the designed socket shall be fabricated, and the final socket is to be produced. A
Computer-Aided Manufacturing (CAM) technique, which was not within the scope of this thesis, shall be
studied to complete the prosthetic design and fabrication system.

This thesis created the foundation for a prosthetic CAD application but also contributed to other fields. For
instance, OpenMKS provides a rapid and low-cost solution whenever a 3D-scan is needed. The MSS-CS
system is intended to model the biomechanical behavior of the soft tissues and can be applied in other
medical or biomechanical fields where the fast calculation of soft tissue deformations is required, as well
as in computer vision applications. The inverse interaction calculation approach can be a solution wherever
the identification of a contract surface shape is challenged by the complexity and the high cost of the direct
contact calculation.

The system that we started to develop needs a lot of refinements and developments and its progress does
not stop at the end of this thesis. As this project ends with new questions, a tremendous amount of work
and scientific studies is ahead of us to enhance our findings and upgrade our achieved system. That’s it, the
path never ends, the more we advance, the more the road opens to our eyes. And as we progress, we hope
that each step we make adds new knowledge to the scientific community, and contributes to the
improvement of human life.
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Appendix: Abaqus for Finite Element Analysis

A.1l. Overview on Finite Element Analysis

A.1.1. What is FEA?

The Finite Element Analysis (FEA) is the simulation of any given physical phenomenon using the
numerical technique called Finite Element Method (FEM). Engineers use it to reduce the number of
physical prototypes and experiments and optimize components in their design phase to develop better
products, faster while saving on expenses.

It is necessary to use mathematics to comprehensively understand and quantify any physical phenomena
such as structural or fluid behavior, thermal transport, wave propagation, the growth of biological cells, etc.
Most of these processes are described using Partial Differential Equations (PDES). However, for a computer
to solve these PDEs, numerical techniques have been developed over the last few decades and one of the
prominent ones, today, is the Finite Element Analysis.

Differential equations not only describe natural phenomena but also physical phenomena encountered in
engineering mechanics. These partial differential equations (PDES) are complicated equations that need to
be solved in order to compute relevant quantities of a structure (like stresses (), strains (), etc.) in order to
estimate the structural behavior under a given load. It is important to know that FEA only gives an
approximate solution to the problem and is a numerical approach to get the real result of these partial
differential equations. Simplified, FEA is a numerical method used for the prediction of how a part or
assembly behaves under given conditions. It is used as the basis for modern simulation software and helps
engineers to find weak spots, areas of tension, etc. in their designs. The results of a simulation based on the
FEA method are usually depicted via a color scale that shows, for example, the pressure distribution over
the object.

In the following sections, the FEA will be presented in the 1D framework to let us present these basic ideas
clearly, without having to worry about the complexities of the tensor calculus that a more general case
would have imposed. Moreover, the 1D framework still allows us to illustrate the finite element solution
procedure and its different phases all of which we find again in the 2D and 3D settings.
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A.1.2. Domain and Boundary Conditions

Seeking to develop the theoretical formulation and the finite element solution procedure for a boundary
value problem in 1D elasticity, implies finding the variations of displacement, deformation, and stress fields
of an deformable body in one direction, with respect to the loading which is applied in the same direction,
assuming that the solution will remain constant in the plane which is perpendicular to the load’s direction.
We can therefore consider with no loss of generality an elastic bar of a length | and a cross-section A(X) as
shown in Figure 66. This is an example of a problem in linear stress analysis or linear elasticity, where we
seek to find the stress distribution o(x) in the bar, resulting from the deformation of the body, which is
characterized by the displacement of points in the body, u(x). This displacement implies a strain denoted
by €(x). As shown in Figure 66, the body is subjected to a body force or distributed loading b(x) (in terms
of force per length). Besides, we can describe the body force which could be due to gravity. Furthermore,
loads can be prescribed at the ends of the bar, where the displacement is not prescribed. These loads are
called tractions and denoted by t (units are force per).

p(x) A p(x + Ax)
| b+
_
u(x)_-’ _T’\l{(\x + Ax)
\\\ W
b(x
_ P 4w
LEN G > > > —l‘—/b > »> - 4
1
7

Figure 66. Example of a problem in linear stress analysis or linear elasticity

A.1.3. Strong and Weak Forms of Boundary Problem

Equations of the theory of elasticity need to be solved in a given domain for finding an equilibrium
configuration of a deformable elastic body. This is a strong form of the problem. At the same time, the total
mechanical energy (strain energy of the body + potential energy of externally applied forces) is at minimum
in an equilibrium state, which means that a certain functional needs to be minimized with respect to the
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unknown field of displacements for finding the solution. This is a weak form (one among many possible).
Both formulations are mathematically equivalent but allow for different numerical methods for finding
approximate solutions.

The Strong Form

Referring to Figure 66, the bar must satisfy the following conditions:

a) Equilibrium must be fulfilled

b) Stress-Strain law must be satisfied: 6(x)=E(x)€(x).
c) Displacement field must be compatible

d) Strain-Displacement equations must be satisfied

The differential equation of this bar can be obtained from the equilibrium of external forces b(x) as well as
the internal forces p(x) acting on the body in the axial direction (along the x-axis). Summing the forces in
x-direction:

A
—p(x) +b(x+7x>Ax+p(x+Ax) =0 (A.1)
This implies:

=0 (A.2)

p(x + Ax) — p(x) Ax
Ax +b (x + 7)

With Ax—0, the first term in equation (A.2) becomes the derivative dp/dx, and the second term become
b(x), which leads to the following simple equation:

dp
—+b(x)=0 (A.3)
dx
On the other hand, stress is defined as:
o) =29 L p) = 0 (0Aw) (A.4)
(x)

And the strain is given as:
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du
e(x) = Tx (%) (A.5)
The well-known stress-strain law, also known as Hooke’s law, is given as follows:
o(x) = E(x)e(x) (A.6)
With E(x) is the Young’s Modulus at the point X. The previous equations yield:

d(AEdu>+b—0 (4.7)
dx dx B '

Equation (A.7) is a second-order ordinary equation, with u(x) is the dependent variable (which is the
unknown function) and X is the independent variable. This is a specific form of equation (A.3), it assumes
the linearity in the definition of the stain, whereas equation (A.3) is a general formulation for both linear
and nonlinear materials.

To solve the differential equation (A.7), boundary conditions at the two ends of the bar are to be prescribed.
We know that at x=I, the displacement u(x=l) is known and is equal to 0, whereas at x=0, the traction t is
prescribed. Which leads to the following conditions:

B du B @ -
o(0) = (E E)xzo O (A.8)

The governing differential equation (A.7) along with the boundary conditions (A.8) is called the Strong
Form of the problem.

The Weak Form

To develop the finite element formulation, the partial differential equations must be restated in an integral
form called the weak form. The weak form and strong form are equivalent. In stress analysis, the weak form
is called the principle of virtual work.
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We start by multiplying the governing equation (A.7) and the traction boundary condition in the equation
(A.8) by an arbitrary function w(x), called weight function or test function, and integrating over the
domains on which they hold: for the governing equation, the pertinent domain is [0, I]. For the traction
boundary, it is the cross-sectional area at X = 0 (no integral needed since this condition only holds only at a
point but we multiply it with A). The results are:

[(w[(az %)+ b)ar=0 v
Ode dx x= v

(WA (EZ—Z + f)) =0 Yw “
x=0

The arbitrariness of the weight function is crucial for the weak form. Otherwise, the strong form is NOT
equivalent to the weak form. We did not enforce the boundary condition on the displacement in equation
(A.9) by the weight function. It will be seen that it is easy to construct trial solutions u(x) that satisfy this
boundary condition. We will also see that all weight functions satisfy w(l)=0.

By solving the weak form, a set of admissible solutions u(x) that satisfy certain conditions is considered
(also called trial solutions or candidate solutions). We could use equation (A.9) to construct a FEM
method. But since we have the second derivative of u(x) in the first equality of (A.9), we would need very
smooth trial functions that are difficult to construct in more than one dimension, which may result in an
asymmetric stiffness matrix. For that reason, equation (A.9) will be transformed into a form containing only
first derivatives in order to ensure a symmetric This will give us a symmetric stiffness matrix with less
smooth solutions. The first equation in (A.9) can be rewritten as follows:

fl d(AEdu>d +fl bdx=0 v (4.10)
Ode dx X 0W X = w .

The following integration by part can be applied:

[t (48 9) ax = (wan &) L - [ 4p 2 g (.10
OW x) T\ o o dx ax ¥ '

Which leads to the following equation:
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l
- —AE—xdx + fwbdx vw with w(l) =0 (A.12)
0

oc=E— (4.13)

Equation (A.12) can be expressed as in the following form:

ldw  du L _
(WAG) =) — (WAG) =g — —AE —dx + f wbdx Vw with w(l) =0 (A.14)
o dx  dx 0

The first term in equation (A.14) can be removed since we assumed that w(l)=0 (that’s why it is useful to
construct w(x) that is equal to zero on the prescribed displacement boundaries). On the other hand, referring
to the second equation of (A.9), the second term on equation (A.14) is equal to (WAt),—o, Which leads to:

du L
—AE—xdx = (WAt) - + jwbdx vw with w(l)=0 (A.15)
0

Equation (A.15) is called the Weak Form. The name states that the solutions to the weak form do not need
to be as smooth as solutions of the strong form. It requires weaker continuity of the object domain.

A trial solution that is smooth AND satisfies the essential boundary conditions is called admissible. A
weight function that is smooth AND vanishes on essential boundaries is admissible. When weak forms are
used to solve a problem, the trial solutions and weight functions must be admissible. Also, notice that
equation (A.15) is symmetric in w and u which will lead to a symmetric stiffness matrix. The highest order
derivative that appears in this equation is of first order.

A.2. Soft-Tissue FE Modeling

The above described FEA is based on a linear stress-strain relationship (as given by equation A.6). This
linear model is sometimes useful for soft tissue deformation analysis especially in case of small
deformations that don’t exceed the linear zone of the soft tissue elastic behavior, knowing that soft tissues
are in reality non-linear hyperplastic materials.
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A hyperelastic material model relies upon the definition of the strain-energy function, which assumes
different forms according to the material or class of materials considered. This function is obtained from
symmetry, thermodynamic and energetic considerations. Although the soft tissues are now to have non
isotropic behavior because of their fiber structure that tends to have a specific direction, an isotropic model
is usually used for simplification. In this case, the strain-energy function (U) depends upon the strain
invariants:

Uisotropic = U(11'12:I3) (A.16)
Where:
p 3
i=1
3
) Izzz:ﬂf/lf, i#j (A.17)
=1

3 2
k13 - 1_L=11i

With A1, A2 and A3 are the principle stretches. If the hyperplastic material is incompressible (which is the
case of the soft tissues), Is= 1. In this case, there are no dependencies on Az, Az, and ls. The strain-energy
function is therefore expressed as follows:

Uisotropic,incompressible = U(Il'lz) = U (A.18)

Whenever possible use strain-energy functions evidencing a dependence on the invariants, as this approach
allows more compact force/stress relations. According to Holzapfel (Holzapfel, G. A. (2000) Nonlinear
Solid Mechanics. John Wiley and Sons, New York), in the case of a uniaxial tension, the Cauchy stress a
function of the strain invariants is:

=0,=2 (,12 1) (dU .1 au) (4.19)
o= 0= 2)\a1, " 2o, '
The other Cauchy stresses o, and o3 for uniaxial tension study. In Equation (A.19), U must be substituted

by the expression corresponding to the material model in study

Several hyerelastic models were developed, we will mention here the well-known and widely used Mooney-
Rivlin, Yeoh, Neo-Hookean, Odgen, Humphrey, and Veronda-Westmann models. These models are briefly
described in the following paragraphs:

144



A.2.1. Mooney-Rivlin Model

This well-known model is historically one of the first hyperplastic models. The strain-energy is often seen
in literature in the form:

Ha 2%
UMoony—Rivlin = ?(11 -3)— 7 Iz —3) (A.20)

Sometimes the material properties p; and p. are replaced by 2c; and -2c; respectively, so equation A.20 can
be rewritten as follows:

2
UMoony—Rivlin = Z Ci (Ii —-3) (A.21)

i-1

By applying equation (A.19), the Cauchy stress obtained is:

1 1
OMooney—Rivlin = 2 (lz - E) (Cl +cy E) (A. 22)

A.2.2. Yeoh Model
The strain-energy function that characterizes this model depends only on the first strain invariant (11):

3

Uyeon = z ci (I — 3)i (A.23)

i—1
As for the Mooney-Rivlin model, c; represent the material constants. The Cauchy stress given for this

model is given using equation (A.19) by the following expression:

1
O-yeoh = 2 (/12 - z) (Cl + 2C2(Il - 3) + 3C3(Il - 3)2) (A 24)

A.2.3. Neo-Hookean Model

A Neo-Hookean model us a hyperelastic material model, similar to Hooke’s law, based on based on the
statistical thermodynamics of cross-linked polymer chains and is usable for plastics and rubber-like
substances. Its strain-energy function is simply given as:

UNeo_Hooke =c¢1(l —3) (A.25)
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The constant c; allows us to know the shear modulus by the relation p = 2c;. By applying equation (A.25)
in equation (A.19), one obtains the following equation of Cauchy stress:

1
ONeo_Hooke = 2 (ﬂvz - Z) Cq (A.26)

A.2.4. Odgen Model

Ogden model depends on stretch values A1, A2 and As. Due to Ogden's phenomenological theory of elasticity
(Ogden, R. W. (1984) Non-Linear Elastic Deformations. Dover Publications Inc., Mineola, NY, USA), the
strain-energy function of this model is defined s follows:

N
UOdgen = %(ﬁi + /’Lgi + ﬂgi -3) (A.27)
=1 '

The Nx2 material constants in equation (A.27), noted i and ai, can be simply replaced by constants c;

where pi= C2i1 and aui= Czi. Equation (A.27) can be therefore rewritten in the following form:
Y
UOdgen = Z % (ﬂiZi + /1;21‘ + /1§2i -3) (A.28)
i=1 L

N is constant chosen to ensure a good convergence. For instance, Holzapfel (Holzapfel, G. A. (2000)
Nonlinear Solid Mechanics. John Wiley and Sons, New York) showed that excellent convergence between
theoretical and experimental results for rubber are achieved when N=3.
In case of isotropic incompressible case, the strain-energy given in equation (A.28) is simplified into:
C C(2i-1) 1\

L— .
UOdgen,isotropic = Zl C—Zz (icn +2 <ﬁ> — 3) (A.29)

i

The Cauchy strain is obtained via equation (A.19) as:

N
Oodgen = Z Ci-1) (/1621. - A_CZL'/Z) (A.30)

i=1
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A.2.5. Humphrey Model

This model was first proposed by Humphrey and Yin in 1987 (Humphrey, J. D. and Yin, F. C. P. (1987)
On constitutive relations and finite deformations of passive cardiac tissue: |. A pseudostrain energy
function. ASME J. Biomech. Eng. 109, 298-304). The strain-energy function of this model is given as
follows:

UHumphrey = C(eQ - 1) (A.31)

Where Q us a function of the components of the right-Cauchy-Green tensor. A particular isotropic form for

Qis:
Q=cy(l; —3) (4.32)
Equation (A.31) can be written therefore as:
Ustumphrey = ¢1(e(173) = 1) (4.33)

In this case, c1 and ¢, represents the material parameters and I is the first invariant of the Right-Cauchy
tensor. Therefore, the Cauchy stress given in equation (A.19) is given for Humphrey model as follows:

1
CHumphrey = 2 (lz - Z) cicpe2(h™3) (A.34)

A.2.6. Veronda-Westmann Model

This model has been proposed by Veronda and Westmann in 1970 (Veronda, D. R. and Westmann, R. A.
(1970) Mechanical characterization of skin-finite deformations. J. Biomech. 3, 111-124). Veronda—
Westmann's strain-energy function for isotropic incompressible hyperelastic material is given as:

_ C1C2
UVeronda—Westmann =0C [902(11 3 — 1] - T (12 - 3) (A- 35)

Again, referring to equation (A.19), the stress expression is given as follows:

2 1 c;(I1—3)
OVeronda-Westmann = 2 (ﬂv - z) €1C2 (e 2h1 - _) (A.36)
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A.3. Introduction to Abaqus

Finite element analysis software applications are designed to test how objects will respond to external
forces. Developing physical models and prototypes can require a lot of time and money. For this reason,
companies love having access to finite element analysis simulation software. They can quickly set up virtual
environments that have real-world properties to see how well their products can withstand mechanical
stress.

One of the powerful and widely used FEA software is Abaqus, originally released in 1978. Its name and
logo are based on the abacus calculation tool. The Abaqus product suite consists of five core software
products:

1) Abaqus/CAE, or "Complete Abaqus Environment" (a backronym with a root in Computer-Aided
Engineering). It is a software application used for both the modeling and analysis of mechanical
components and assemblies (pre-processing) and visualizing the finite element analysis result. A
subset of Abaqus/CAE including only the post-processing module can be launched independently
in the Abaqus/Viewer product.

2) Abaqus/Standard, a general-purpose Finite-Element analyzer that employs an implicit integration
scheme (traditional).

3) Abaqus/Explicit, a special-purpose Finite-Element analyzer that employs an explicit integration
scheme to solve highly nonlinear systems with many complex contacts under transient loads.

4) Abaqus/CFD, a Computational Fluid Dynamics software application that provides advanced
computational fluid dynamics capabilities with extensive support for preprocessing and
postprocessing provided in Abaqus/CAE.

5) Abaqus/Electromagnetic, a Computational electromagnetics software application which solves
advanced computational electromagnetic problems.

Beside the academic and research works, Abaqus is used in many industrial applications such as automotive,
aerospace, and industrial products industries. The product is popular with non-academic and research
institutions in engineering due to the wide material modeling capability, and the program's ability to be
customized, for example, users can define their own material models so that new materials could also be
simulated in Abaqus.

Abaqus was initially designed to address non-linear physical behavior; as a result, the package has an
extensive range of material models such as elastomeric (rubberlike) and hyperelastic (soft tissue) material
capabilities.
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A.4. FEA Solution Sequence

Every complete finite-element analysis consists of 3 separate stages: pre-processing, processing, and post-
processing stage.

¢ Pre-Processing Stage: Pre-processing, also called modeling stage, involves creating the input file
containing the engineering design (or model) for a finite-element analyzer (called solver). The model of
the system to be simulated consists of the geometries of all the involved objects assembled into one
assembly, their materials’ properties, the boundary conditions, constraints, and the interaction properties
between the objects if applicable. The FE analysis can be either static or dynamic. When running dynamic
finite element analyses in Abaqus, one needs to decide which type of solver to use. For structural
applications, Abaqgus has two solvers - Abaqus/Standard and Abaqus/Explicit. Each of these items (of the
pre-processing stage) will be detailed in the coming sections.

o Processing Stage: This stage consists of the Finite-Element Analysis. It is where the input model file is
submitted and the calculations are performed. This step is typically automated and done by the CAE
software based on the input provided in the previous pre-processing step. The governing partial
differential equations are transformed into a system of algebraic equations and the unknown values are
determined. The output results file is given at the end of this stage.

o Post-Processing Stage: This step involves visualizing the solution obtained at the previous step.

A.5. System Modeling Using Abaqus

As stated in the pre-processing stage definition, a Finite Element Model consists of the geometries of the
simulation actors, their meshes, the physical properties of the material of each object, the interaction
properties between them, and the applied boundary conditions and constraints. Simulation steps also need
to be identified to define the way the system will be analyzed.

A.5.1. Geometries

The first step in implementing the model in Abaqus is to create the geometries of the simulation objects.
A geometry can be obtained either by creating it from scratch using the CAD tools provided by Abaqus,
or either by importing a model already created by an external CAD software or automatically acquired
using any 3D-scan method.
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(a)

Figure 67. (a) prosthetic socket imported as a part, (b) lower residual limb imported as a part, (c) the assembly of
the two parts

An object geometry is introduced into Abaqus as a “Part” (Figure 67a and Figure 67b are examples of
socket and stump parts). The “parts” are assembled in an “assembly” to form the whole system model, with
each “part” placed in its initial position. For instance, Figure 67c shows the assemble of a socket-stump
system.

A.5.2. Meshing

Meshing is an integral part of the finite element simulation process where complex geometries are divided
into simple elements that can be used as discrete local approximations of the larger domain. The mesh
influences the accuracy, convergence, and speed of the simulation. Furthermore, since meshing typically
consumes a significant portion of the time it takes to get simulation results, the better and more automated
the meshing tools, the faster and more accurate the solution.

ABAQUS/CAE can use a variety of meshing techniques to mesh models of different topologies. In some
cases, one can choose the technique used to mesh a model or model region. In other cases, only one
technique is valid. The different meshing techniques provide varying levels of automation and user control.
Three main meshing techniques are provided by ABAQUS/CAE: structured meshing, swept meshing, and
free meshing.

e Structured meshing: this technique gives the most control over the mesh because it applies
preestablished mesh patterns to particular model topologies. Most unpartitioned solid models are too
complex to be meshed using preestablished mesh patterns. However, one can often partition complex
models into simple regions with topologies for which structured meshing patterns exist. Figure 68a
shows an example of a structured mesh.
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e Swept meshing: ABAQUS/CAE creates swept meshes by internally generating the mesh on an edge or
face and then sweeping that mesh along a sweep path. The result can be either a two-dimensional mesh
created from an edge or a three-dimensional mesh created from a face. Like structured meshing, swept
meshing is limited to models with specific topologies and geometries. Figure 68b shows an example of
a swept mesh.

e Free meshing: The free meshing technique is the most flexible meshing technique. It uses no
preestablished mesh patterns and can be applied to almost any model shape. However, free meshing
provides the user with the least control over the mesh since there is no way to predict the mesh pattern.
Figure 68c shows an example of a free mesh.

(b)

Figure 68. Examples of the three meshing techniques: structural mesh (a), swept mesh (b), free mesh (c). (Digital
Image, ABAQUS/CAE User’s Manual v6.6. url :
https://classes.engineering.wustl.edu/2009/spring/mase5513/abaqus/docs/v6.6/books/usi/default.htm?startat=pt03c
h17s03s03.html )

Besides, meshing can be done by an external meshing tool and imported to ABAQUS. For instance, 1A-
FEmesh [246] provides a good tool for hexahedral structural meshing and export it to an ABAQUS Input
File (*.inp).

A.5.3. Materials

Any number of materials can be defined in an analysis. Each material definition can contain any number of
material behaviors, as required, to specify the complete material behavior. For example, in a linear static
stress analysis only elastic material behavior may be needed, while in a more complicated analysis several
material behaviors may be required.

Many material models for deformable objects are available in ABAQUS/CAE. Regarding the soft tissues,
one can choose either the linear elastic model (Figure 69a), or one of the available hyperelastic models
(Figure 69b).
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S Edit Material X 4 Edit Material X

Name:  Material-LinearSoftTissues Name: | Material-HyperElasticSoftTissues

Description: 2 Description: Py
Material Behaviors Material Behaviors
General Mechanical Thermal Electrical/Magnetic  Other v General Mechanical Thermal Electrical/Magnetic  Other v
Elastic Hyperelastic
Type: | Isotropic v ¥ Suboptions Material type: @ lsotropic (O Anisotropic ¥ Test Data
[JiUse temperature-dependent datal ¥ Suboptions
Number of field variables: 03 Strain energy potential: Unknown E|

Moduli time scale (for viscoelasticity): | Long-term I Input source: (®) Test d; Arruda-Boyce
Marlow

[ No compression -
If test data are available, Il S

[ No tension is unknown, a material f Neo Hooke
Data which potential is best. Ogden
Young's Poisson’s After the test data have
Modulus Ratio been created, select “Md Reduced Polynomial
1 100000 0.45 material.

OK Cancel oK Cancel

Figure 69. Examples of material properties settings in Abaqus: linear elastic model (a), and hyperelastic models (b)

For the rigid bodies, the 3D-geometry is to be imported as a rigid part, and then a “Rigid Body
Constraint” is to be applied.

A.5.4. Interactions

Several types of interaction between any two bodies can be defined in ABAQUS/CAE, among them, one
may be interested in the “contact pairs” interaction in the elastic behavior study.

A contact simulation using contact pairs or general contact is defined by specifying the contact surfaces in
the two related bodies (the surfaces that interact with one another), the contact formulation, and physical

properties.

Two contact formulations exist in Abaqus:
e  Surface-to-surface contact
e Edge-to-Surface contact

e Node-to-surface contact

Regarding the physical properties, contact is mainly defined by its two behaviors:
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o Normal Behavior: defined by its pressure-overclosure (either a hard contact, exponential, linear, or tabular),
and the constraint enforcement method (the default method, or augmented Lagrange, penalty, or direct).

e Tangential Behavior: the contact can be either frictionless or with a specified friction formulation (penalty,
static-kinetic exponential decay, rough, Lagrange multiplier).

There are fundamental differences in the mechanical contact algorithms in Abaqus/Standard and
Abaqus/Explicit even though the input syntax is similar. The main differences are the following:

e Contact pair and general contact definitions in Abaqus/Standard are model definition data (although contact
pairs can be removed for a portion of the analysis and added back to the model in a later step of the analysis,
as discussed in Removing and reactivating contact pairs). In the contact pair algorithm in Abaqus/Explicit
contact constraints are history definition data; in the general contact algorithm in Abaqus/Explicit contact,
definitions can be either model or history data.

e Abaqus/Standard typically uses a pure master-slave relationship for the contact constraints; whereas
Abaqus/Explicit typically uses balanced master-slave contact by default. This difference is primarily due to
overconstraint issues unique to Abaqus/Standard.

e The contact formulations in Abaqus/Standard and Abaqus/Explicit differ in many respects due to different
convergence, performance, and numerical requirements:

e Abaqus/Standard provides surface-to-surface, edge-to-surface, and node-to-surface formulations, which
Abaqus/Explicit does not;

e Abaqus/Standard and Abaqus/Explicit both provide node-to-surface formulations, but some details
associated with surface smoothing, etc. differ in the respective implementations.

e The constraint enforcement methods in Abaqus/Standard and Abaqus/Explicit differ in some respects. For
example, both analysis codes provide penalty constraint methods, but the default penalty stiffnesses differ
(this is primarily due to the effect of the penalty stiffness on the stable time increment for Abaqus/Explicit).

e The small-sliding contact capability in Abaqus/Standard transfers the load to the master nodes according to
the current position of the slave node, but the small-sliding contact capability in Abaqus/Explicit always
transfers the load through the anchor point due to a numerical limitation associated with the implementation.

e  Abaqus/Explicit can account for the thickness and mid-surface offset of shells and membranes in the contact
penetration calculations (although in some cases changes in the thickness upon deformation are not accounted
for in the contact calculations). Abaqus/Standard cannot account for the thickness and offset of shells and
membranes when using the finite-sliding, node-to-surface contact formulation (but can account for the
original thickness and offset in all other contact formulations).

As a result of these differences, contact definitions specified in an Abaqus/Standard analysis cannot be
imported into an Abaqus/Explicit analysis and vice versa. However, in many cases one can successfully
respecify a contact definition in an import analysis.
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A.5.5. Boundary Conditions and Constraints
ABAQUS/CAE provides tools to set the prescribed boundary conditions to the system. These can be

“loads” or “constraints”.

Several types of mechanical loads are provided in ABAQUS/CAE, and can be applied to either a surface or
a point of an object. A load can be either a concentrated force, moment, or pressure. Figure 70 shows the
types of load that exist in the software.

4 Create Load X

Mame: Load-*l]:
Step: | Step-1 v

Procedure: Static, General

Category Types for Selected Step
(® Mechanical Concentrated force
Moment
Pressure

Shell edge load
Surface traction
(O Electrical/Magnetic Pipe pressure
Body force
(O Other Line load
Gravity
Bolt load
Generalized plane strain
Rotational body force
Coriolis force
Connector force
Connector moment
Substructure load
Inertia relief

Figure 70. Mechanical loads in ABAQUS/CAE

Constraints can also be applied to the whole object or a part of it, to defined a prescribed value of a
displacement, position or velocity... etc. Figure 71 shows the types of these constraints provided in
ABAQUS/CAE. One can apply, for instance, an ENCASTRE constrained for a 0 degree of freedom, a
prescribed displacement or eve velocity vector.
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& Create Boundary Condition X

Name: BC-1
Step: | Step-1 v
Procedure: Static, General
Category Types for Selected Step
(® Mechanical Symmetry/Antisymmetry/Encastre

Displacement/Rotation

O Electrical/Magnetic Velocity/Angular velocity

= Connector displacement
() Other

Connector velocity

Continue... Cancel

Figure 71. Examples of boundary conditions (constraints) provided in ABAQUS/CAE

A.5.6. Simulation Steps

In ABAQUSS the user divides the complete loads and constraints history of the simulation into a number of
steps. Each step is a period of “time,” specified by the user, for which ABAQUS calculates the response of
the model to a particular set of loads and boundary conditions. The user must specify the type of response,
known as the analysis procedure, during each step and may change analysis procedures from step to step.
For example, static dead loads, perhaps gravitational loads, could be applied to a structure in one step; and
the dynamic response of the loaded structure to earthquake accelerations could be calculated in the next
step. Both implicit and explicit analyses can contain multiple steps; however, implicit and explicit steps
cannot be combined in the same analysis job. To combine a series of implicit and explicit steps, the results
transfer (or import) capability can be used.

ABAQUS divides all of its analysis procedures into two main groups: linear perturbation and general.
General analysis steps can be included in an ABAQUS/Standard or an ABAQUS/Explicit analysis; linear
perturbation steps are available only in ABAQUS/Standard. Loading and boundary conditions and “time”
are defined differently for the two cases. Furthermore, the results from each type of procedure should be
interpreted differently.
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The response of the model during a general analysis procedure, known as a general step, may be either
nonlinear or linear. In a step that uses a perturbation procedure, which is called a perturbation step, the
response can only be linear. ABAQUS/Standard treats such steps as a linear perturbation about the
preloaded, predeformed state (known as the base state) created by any previous general steps; therefore, its
capability for doing linear simulations is rather more general than that of a purely linear analysis program.

In the case of general analysis, the starting point for each general step is the deformed state at the end of
the last general step. Therefore, the state of the model evolves in a sequence of general steps as it responds
to the loads defined in each step. Any specified initial conditions define the starting point for the first general
step in the simulation. All general analysis procedures share the same concepts for applying loads and

defining “time.”

Linear perturbation analysis steps are available only in ABAQUS/Standard, they calculate the linear
response of the structure to a perturbation load. The starting point for a linear perturbation step is called the
base state of the model. If the first step in a simulation is a linear perturbation step, the base state is the state
of the model specified using initial conditions. Otherwise, the base state is the state of the simulation at the
end of the last general step prior to the linear perturbation step. If another general step follows a perturbation
step, it uses the state of the model at the end of the last general step as its starting point, not the state of the
model at the end of the perturbation step. Thus, the response from a linear perturbation step has no
permanent effect on the simulation. Therefore, ABAQUS/Standard does not include the step time of linear
perturbation steps in the total time for the analysis. In fact, what ABAQUS/Standard actually does is to
define the step time of a perturbation step to be very small (10~ so that it has no effect when it is added
to the total accumulated time. The exception to this rule is the modal dynamics procedure.
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