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Abstract

Despite technological and medical advances, amputations continue to increase. Amputees face significant
challenges when acquiring and using prosthetic devices, challenges which are made worse as their emotional
needs, aspirations, mobility, prosthesis requirements and problems change over time. These challenges require
custom solutions for each individual amputee, a fact that current amputee centered prosthesis services tend to
ignore. The work reported in this paper contributes an Al based Prosthesis Development Service Framework
to cater for the current and evolving needs of amputees.

Keywords: product-service systems (PSS), health services, healthcare design, digital twin,
Al for smart product service systems

1. Introduction

Despite advances made in medicine and technology, Upper Limb (UL) and Lower Limb (LL)
amputations (for a variety of reasons) continue to increase (Jennifer Spector and Editor, 2020; Casciato
etal., 2023; Eidmann et al., 2023). These amputees face significant challenges when acquiring and using
prosthetic devices. These challenges are further amplified when one considers that their emotional
needs, aspirations, mobility and prosthesis related problems constantly change over time (Young et al.,
2019), both at the macro and micro level (Figure 1), a fact that current patient centered prosthesis
services tend to ignore. This is a monumental challenge since the needs differ from amputee to amputee,
which in turn requires custom solutions (in terms of their prosthesis and the aftercare service) for each
individual amputee.

One example of the many challenges that are faced is the considerable time that it takes for an amputee's
prosthesis to be designed, standard parts to be ordered and delivered, and the personal parts to be
fabricated. All these components must then be correctly assembled together to form the whole
prosthesis. As the amputee uses their prosthesis, alterations and improvements will need to be made to
the prosthesis due to wear and deterioration of the prosthesis, as well as the evolving needs of the
amputee. These alterations are costly, require significant resources, effort and take time.

Developing a prosthesis is a process that requires the input of many stakeholders (e.g. prosthetist and
manufacturer) and requires the coordination of a complex set of activities. These stakeholders also have
needs and constraints that change with time. There has been some research work (Colombo et al., 2010;
Sansoni, Wodehouse and Buis, 2015) carried out to address how the design and development of
prosthesis can be improved, however this tends to focus on only the current rather than the evolving
amputee needs.
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The research reported in this paper is aimed at precisely addressing the question on how a cost-effective
Prosthesis Development Service (PDS) Framework can be prescribed to cater for both the current and
evolving needs of amputees whilst concurrently considering (Borg, Yan and Juster, 2000) the co-
evolving needs of the other stakeholders such as prosthetists and standard system part manufacturers.
The hypothesis of our research group has been that "by developing a smart modular prosthesis design
structure that can be configured for the needs of different amputees through a product-service system,
the aftercare provided to amputees will collectively improve". In this respect, our research has developed
a prescriptive framework of an Amputee Healthcare Service System (called adProLiSS) that adapts to
an amputee's evolving needs. This paper shall disclose how Al concepts enable this framework and will
be demonstrated through the implementation and evaluation of a prototype called PREMIER that takes
above the knee amputations as a case-study.
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Figure 1. Evolution of amputee needs

2. State of the art product service systems for amputee healthcare

Product Service Systems (PSS) approaches are typically used in consumer products and services
(Tukker, 2004; Tan and McAloone, 2006; Baines et al., 2007; Ceschin, 2014; Ceschin et al., 2014; Song
and Sakao, 2017; Hein et al., 2018) where the manufacturers tend to solely focus on the use phase.
Additionally, users are not directly involved or consulted during the different phases. This has been
shown by (Yang, Xing and Lee, 2010; Yang and Xing, 2014; Szwejczewski, Goffin and
Anagnostopoulos, 2015; Shokouhyar, Shokoohyar and Safari, 2020; Gaiardelli et al., 2021; Nemoto,
Dhiman and Rocker, 2021) which outlines that the user's input is only considered in a single life-phases
and that only the users current needs are considered. This has similarly been found with PSS approaches
that are used in healthcare services (Mittermeyer, Njuguna and Alcock, 2011; Stacey and Tether, 2014;
Pourabdollahian and Copani, 2015; Yip, Phaal and Probert, 2015; Xing, Rapaccini and Visintin, 2017).
This means that the feedback from the user to the designer has so far been provided by chance.
Additionally, our research team has continued to delve into PSS approaches in healthcare that exploit
Al. Our findings have shown that there is research being done in the filed of Al in rehabilitation
(Davenport and Kalakota, 2019; Neuhdttler et al., 2020; Preidel and Stark, 2021; Aranda-Mufioz et al.,
2022; Mennella et al., 2023) and Al in prosthetics and orthotics (Mai and Commuri, 2013; Kidzinski et
al., 2019; Nayak and Kumar Das, 2020; Vélez-guerrero, Callejas-cuervo and Mazzoleni, 2021; Vélez-
Guerrero, Callejas-Cuervo and Mazzoleni, 2021). To date, no explicit PSS literature (with or without
the use of Al) concerning amputee aftercare, their evolving needs or the manufacture, distribution,
ownership and use of prosthetics has been found. This has left a significant research gap (Figure 2) that
our prescriptive framework adProLiSS can exploit.
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3. adProlLiSS: a prescriptive and adaptive prosthesis development
service framework

The adProLiSS Framework (Figure 3 and detailed in (Patiniott, Borg, et al., 2023)) has been developed
to be both prescriptive and adaptive in nature, considering the customisation and personalisation of an
amputee's prosthesis, and ensuring that the amputee's evolving needs are catered for. To achieve this,
the adProLiSS Framework has been designed as a template for key Healthcare Managers which will
allow them to further modify the framework to improve amputee aftercare within their healthcare
institution. This will allow the different stakeholders (e.g. amputee, prosthetist, physiotherapist) to make
use of the various features offered by the adProLiSS Framework with the sole purpose of improving the
amputee's aftercare. The adProLiSS Framework is based on the IPD Model (Andreasen and Hein, 2000),
with the Manufacturing (and assembly) pillar represented by the blue arrows; the Design pillar
represented by the red arrows and the Healthcare Service Business represented by the green arrows.
Additionally, the adProLiSS Framework is divided into three frames: 1) The Standard System

Development Frame; 2) The Custom Prosthesis Development Frame; 3) The Prosthesis Adaptation
Frame.
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Figure 3. The adProLiSS framework

The Standard Systems Development Frame is made up of an accumulation of frames, with the output of
each frame being a standard system (e.g. knee or ankle) and represents the process used by the
established standard system manufacturers. Here the manufacturers must determine what the prosthesis
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market needs, determine the type of product that they wish to produce, manufacture and sell said
product.

The Custom Prosthesis Development Frame is where prosthetists closely work with the amputee to
obtain an understanding of the amputee's needs. Once the amputee's needs have been determined, the
prosthetist will then select standard system parts that best suit the amputee's needs and place an order to
obtain them. The prosthetist will then measure the amputee's residual limb and proceed to make the
personalised socket. Once all the system parts (standard and personalised) are ready and available, the
prosthetist will then assemble the prosthesis. The amputee will then try out their prosthesis to see if any
alterations need to be made.

The Prosthesis Adaptation Frame is where our research team focus lies since this frame is concerned
with providing an aftercare service to maintain the health of the amputee and the prosthesis. This is
achieved by closely monitoring the amputee and prosthesis after the prosthesis has been given to the
amputee. By means of a smart prosthesis with embedded sensors, key data (e.g. socket pressure, gait
speed, step count) can be continuously recorded, processed into useful information and transmitted. This
up-to-date information is then made available to the stakeholders (e.g. prosthetist and amputee) at any
time. The strength of the Adaptation Frame is that it can evolve and adapt to cater for the ever changing
and evolving needs of the amputee, which is only made possible due to the Inter and Intra Frame
Information Highway.

4. Prototype adProLiSS implementation

To evaluate and experiment with the adProLiSS Framework, our research team has implemented a
prototype Above Knee Prosthesis (AKP) system that focuses on the Adaptation Frame, called
PREMIER. The implementation of PREMIER is based on three layers (Figure 4): 1) The Prosthesis
Service Application Layer; 2) The Knowledge Layer; 3) The Physical Layer.
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Figure 4. PREMIER Implementation
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4.1. adProlLiSS prosthesis service application layer

The adProLiSS Prosthesis Service Layer is where the interaction between the stakeholders (e.g.
amputee, prosthetist) interact with the framework. This enables the healthcare providers to define what
type of services and aftercare the amputee requires based on the information that is automatically
provided (e.g. when excessive socket pressure is detected, and the probability of an ulcer is high, the
prosthetist, administration and amputee will be informed, each with a detailed customised message).

4.2. adProLiSS knowledge layer

The adProLiSS Knowledge Layer defines the different types of knowledge required to provide an
amputee aftercare service, including knowledge of what makes up a prosthesis digital twin; it consists
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of declarative knowledge to describe the healthcare system and procedural knowledge which infers
decisions and actions to be taken depending on the amputee/prosthesis conditions. The Knowledge
Layer consists of: a) The Patient Healthcare Service Semantic Network; b) the Amputee Adaptation
Relational Network; c) The adProLiSS Intelligent Knowledge Base System.

4.2.1. The patient healthcare service semantic network

The healthcare service is a large entity that encompasses a multitude of different elements (e.g. medical
staff, patients, services and infrastructure) that need to be mapped. Some of these elements interact with
each other in a variety of ways. While it is important for a healthcare service to have a full detailed map
of all the elements, our research focuses on the healthcare services related to amputees. Thus, the Patient
Healthcare Semantic Network (Figure 5) outlines a Healthcare Service Model containing the elements
related to amputee's care, both before amputation and after amputation. For this research purpose, we
are focusing on the after-amputation interactions with the healthcare service, such as the amputees (out-
patients), the prosthetists, the IT system (database), the prosthesis service and the prosthesis itself.
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Figure 5. Patient healthcare service semantic network

4.2.2. The amputee adaptation relational network

Within the Patient Healthcare Service there are many different elements that interact with one another.
The different relationships between the key elements of this network (e.g. prosthetist, patient, 1T
System) are detailed in Figure 6.
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Figure 6. Amputee adaptation relational network
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When a patient's file is accessed, detailed patient information can be viewed, including their name, age
and the different procedures (Cases) that they have been through. In the case of an amputee, the patient's
file is linked to the Prosthesis Service Model, containing the Prosthesis Type that the amputee is using.
The type of prosthesis can either be a standard prosthesis or the PREMIER prosthesis (Figure 7c). Unlike
standard prosthesis, the PREMIER Prosthesis is a smart prosthesis that has embedded sensors that actively
collect and transmit key prosthesis and residual limb data (e.g. socket pressure and gait speed), and process
it into useful facts that can be processed by the adProLiSS Intelligent Knowledge Base System.

4.2.3. PREMIER twin model

The PREMIER Twin Model is a digital representation of the physical structure of the PREMIER
prosthesis, its embedded sensors and flow of data being carried from the sensors to the Microcontroller
(MCU) embedded within the prosthesis. The PREMIER digital twin model (Figure 7a) is based on our
work carried out in (Patiniott, Vella, et al., 2023).

4.2.4. adProLiSS intelligent knowledge base system

By making use of a smart prosthesis, such as the PREMIER prosthesis, that is equipped with embedded
sensors, key data (e.g. voltage and pressure) can be continuously monitored and collected. This key data
would be stored on the local MCU housed within the smart prosthesis. The adProLiSS Intelligent
Knowledge Base System (alKBS) is then able to access the accumulation of key data (now referred to as
facts) and compare the current facts to the predefined facts stored within the Knowledge Base (KB)
(Sarker, 2022). The facts stored within the KB will consist of the facts that pertain to the optimal
performance of the prosthesis, the services provided by the healthcare professionals and the members (e.g.
healthcare professionals, amputee) that are involved. Once a comparison has been made between the
current facts and the predetermined facts within the KB, the alKBS then infers new facts and then issues
commands and actions to be taken based on a predefined set of rules. This process is shown in Figure 7b.
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Figure 7. a) PREMIER digital twin model; b) alKBS; c) PREMIER prosthesis

The alKBS can be implemented using supervised machine learning techniques (Nasteski, 2017; Sarker,
2022) and makes use of various representation techniques, such as Logic-based representations,
Semantic Networks, Rule-based Systems and Ontologies (Grimm, 2010; Yang, Zhuang and Pan, 2021)
to enable the prosthesis to learn; for instance, amputee walking habits as time passes. For our short-term
prototyping experimental purposes, we have employed a knowledge base system with a set of declared
production rules. Consider for instance the rules R;:

R1 = If |Current socket pressure| < |[Normal socket pressure|
THEN Continue monitoring the socket pressure

R, = If |Current socket pressure| > |[Normal socket pressure|
THEN Continue monitoring the socket pressure
AND  Access amputee data and send customised alert to amputee
AND  Access prosthetists data and send customised alert to prosthetist
AND  Access administration personnel and book appointment
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While the socket pressure is just one example, the alKBS can be used for a variety of aftercare support
scenarios, provided that the inference knowledge of different amputee healthcare situations are
extensively defined.

4.3. adProLiSS physical layer

The adProLiSS Physical Layer is essentially made up of the PREMIER Prosthesis (Figure 7c) and is a
prototype smart prosthesis that has been designed and assembled by our research team. As stated in the
beginning of Section 4, the PREMIER Prosthesis houses several embedded sensors to facilitate the
collection of key facts (e.g. pressure, speed, impact), which are used to monitor, maintain and improve
the general health of the prosthesis and the amputee's residual limb. The Inter and Intra Information
Highway is a key element that facilitates the flow of information. In addition, to provide intelligent
feedback to the healthcare professionals as well as the amputees, the physical layer will also incorporate
a microcontroller which will be the brains by which the smart prosthesis operates the overall amputee
adaptation service. The design of the PREMIER prosthesis allows for modifications to be easily made
such that additional sensors may be added, as well as modification of components.

5. Discussion

Our research team performed an internal experiment to test the adProLiSS Framework, Figure 8 showing
the procedures taking place within each frame.

TR -
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¥
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Figure 8. adProLiSS framework procedural knowledge

A scaled down knowledge base was created to simulate the adProLiSS Adaptation Semantic Network.
Here two team members (one pretending to be the prosthetist and the other the amputee) entered their
details, including their smartphone contact details. Gait data of the 'amputee' was recorded and
programmed into the MCU within the prosthesis. A manual control mechanism was set up to allow the
‘amputee’ to change the gait speed at will, simulating different walking patterns. Two pressure sensors
were attached to the prosthesis, one in the socket and the other at the base of the foot, their sensitivity
being calibrated accordingly. This information was also stored within the knowledge base. Once the
physical system was activated, the alKBS continuously monitored the gait speed and the pressure values
(facts) obtained from both pressure sensors. The 'amputee’ would then vary the gait speed at will while
another team member would apply pressure to the pressure sensors at random to simulate an ulcer
formation. The inference engine of the alKBS continuously compared the current pressure value to that
value stored within the KB. When the inference engine found the current pressure value to be higher
than the nominal value stored within the KB, then the inference engine executed rule R, to send a
message to the amputee and prosthetist by obtaining the contact information stored as part of their
declarative knowledge and sent the customised message to their smartphone. These custom messages
contained the time, the gait speed and where (socket or foot) the excessive pressure was detected. In the
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case of the 'amputee’, an additional message was sent instructing the 'amputee’ to alter activities to reduce
the chance of further pressure issues.

6. Conclusion

The prescribed adProLiSS framework is intended to result in an improved aftercare service to amputees.
Due to its different frames, the framework is relevant to different stakeholders in different ways. The
Standard Systems Development Frame is intended to guide manufacturing entities of standard prosthesis
parts on what subsystems are required to result in a functional and smart prosthesis. The Custom
Prosthesis Development Frame is intended to guide how and when prosthetists can involve amputees
so that they co-design a user-specific smart prosthesis. On the other hand, the Prosthesis Adaptation
Frame is intended for use by health service managers/policy makers as it outlines how prosthetists and
other health care professionals such as physiotherapists can through a smart prosthesis provide amputees
with an improved service that caters for the evolving needs of amputee. Overall, the framework also
discloses how health system managers can practically implement such an adaptive service through the
Inter and Intra Frame Information Highway. This of course assumes that due to GDPR (Li, Yu and He,
2019) amputees provide permission for data of their daily activities and prosthesis related issues to be
recorded. The frequency by which such data should be collected and transmitted can give rise to ‘big
data’(Fan, Han and Liu, 2014; Oussous et al., 2018) challenges, this implying further research in this
respect. At the same time, the availability of big data highlights how the adProLiSS Framework can be
used through Al concepts to analyse patterns and trends in prosthesis use to assist (a) healthcare
professionals to swiftly detect and be informed of amputee health issues (e.g. formation of ulcers in
certain specific areas of the socket) and (b) to guide prosthesis manufacturers in improving future
prosthesis design solutions. In this respect, the alKBS concepts presented provides IT experts with an
outline of the type of knowledge that needs to be captured and modelled to allow future healthcare
systems to provide amputees with an adaptive aftercare service. Based on feedback obtained from
demonstrations and preliminary evaluations, it is clear that the prescribed adProLiSS framework
contributes an important step towards a healthcare service that adapts for the evolving needs of amputees
that merits further research.

Currently, the alKBS uses rules that map the input facts received from the smart prosthesis to desired
outputs. In future, the alKBS can be further improved by making use of unsupervised machine learning
techniques, generating an Al that is able to uncover hidden data patterns from the incoming facts and
correctly infer the right instructions and actions that need to be taken without any form of supervision
(Nasteski, 2017; Sarker, 2022).
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