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INTRODUCTION Nowadays, about one million people have lost one of their hand. If we consider Europe, there are near 85 000 people who have only just one hand. Approximately a hundred people are being amputated every year. The causes for amputation are numerous : accident, war, tumor, congenital, disease. Clinical solutions for the amputee population have been around for thousands of years with early prosthetics made out of wood and metal. The development of such prosthetics in the past century is largely a result of wars. These prostheses only had an esthetical aim and were not functional at all, they are known as passive prostheses. The first functional moving hand was produced by Russian in 1960. Since then, different prosthetics have been developed, and now we can count about five different types of prostheses : • Passive prostheses (cosmetic prostheses) • Body powered prostheses • Electrically powered prostheses • Hybrid powered prostheses (combine body power and electrical power) • Activity specific prostheses (for sport)



Even if many progresses have already been made to improve prostheses efficiency, almost 50% of the population fitted with a prosthesis do not use it regularly. Many problems are still present, such as the weight, and « non natural » moves appearance. That makes amputees prefers not to wear their prostheses. That is why many researchers are working on new types of prostheses that would answer better the patient needs and desires. And active prostheses seem to be a good solution. To see how these kind of prostheses could offer a good solution, we are first going to see the two different main types of active prostheses. After that we will study more precisely the hand anatomy to explain why prosthetic hand are so difficult to design. Then we will study a new kind of prosthetic hand using a hydraulic system. And to conclude we will discuss about the different considered evolutions.
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ACTIVE PROSTHESES Prostheses can be divided in two groups : the passives and the actives. Considering the active ones, we can divide them again in two main groups : body-powered prostheses and electrically powered prostheses, also called myoelectric prostheses.



1. Body-powered prostheses Body-powered prostheses (cables) are usually of moderate cost and weight. They are the most durable prostheses and have higher sensory feedback. However, body-powered prostheses are less cosmetically pleasing than a myoelectric unit, and they require more gross limb movement.



Figure 1. Example of a body-powered prostheses. A body-powered prosthesis, sometimes called a conventional prosthesis, is powered and controlled by gross body movements. These movements, usually of the shoulder, upper arm, or chest are captured by a harness system which is attached to a cable that is connected to a terminal device (hook or hand). For some levels of amputation or deficiency an elbow system can be added to provide the patient additional function.



1.1. Requirements For a patient to be able to control a body-powered prosthesis he or she must possess at least one or more of the following gross body movements: • Glenohumeral flexion • Scapular abduction or adduction • Shoulder depression and elevation • Chest expansion There are several basic requirements that are generally necessary for a patient to be a candidate for a body powered prosthesis: • Sufficient residual limb length • Sufficient musculature • Sufficient range of motion



Emilie Ferrandini



-4-



ESIL - GBM3



Upper Limbs Prostheses



1.2. Advantages Due to its simple design, this type of prosthesis is highly durable and can be used for tasks that involve water and dust and in other potentially damaging environments. Many patients who wear a body-powered prosthesis comment that they have increased control due to proprioception. Proprioception gives the wearer feedback about the position of the terminal device. A wearer will know, for example, if the hook is open or closed by how much pressure the harness is exerting on his or her shoulder area without having to look at the terminal device. There is also a reduced maintenance cost for a body-powered prosthesis as most repairs are related to broken control cables, replacement harnesses, and realignment of terminal devices. These types of repairs are all fairly economical when compared to other prosthetic options such as electrically-powered prostheses.



1.3. Disadvantages The most common complaint that wearers of this type of prosthesis note is the uncomfortable and restrictive control harness. Although new materials aid in reducing discomfort, the harness must be tight in order to capture the movement of the shoulder and suspend the prosthesis. The tight harness can also restrict range of motion and the functional envelope (the area in space where the patient can control his or her prosthesis). For many, the functional envelope, when wearing a body-powered prosthesis, is limited to directly in front of them from waist level to mouth level. Significant control reduction occurs when attempting to operate the prosthesis out to the side, down by the feet, and above the head. Other patients dislike the look of the hook and control cables and request a prosthesis that is more "lifelike".



2. Electrically powered prostheses This category of prostheses uses small electrical motors to provide function. These motors can be found in the terminal device (hand or hook), wrist, and elbow. An electricallypowered prosthesis utilizes a rechargeable battery system to power the motors. Because electric motors are used to operate hand function, grip force of the hand is significantly increased.



Figure 2. Example of an electrically powered prostheses.
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There are several ways to control this type of prosthesis : • Myoelectric Control • Servo Control • Push Button Control • Harness Switch Control In most cases a single control scheme is chosen. For the more advanced/ higher level fittings, several control schemes may be used on the same prosthesis to provide enhanced function. Myoelectric control is possibly the most popular control scheme. It relies on the concept that whenever a muscle in the body is contracted or flexed there is a small electrical signal that is created by the chemical interaction in the body. This signal is very small (5 to 200 micro volts). A micro volt is one millionth of a volt. To put that in perspective, a typical light bulb uses 110 to 120 volts, so this signal is a million times smaller than the electricity required to power a light bulb. Using electrodes that contact the surface of the skin, the EMG signal can be recorded. Once recorded, the signal is amplified and then processed by a controller that switches the motors on or off in the hand, wrist, or elbow to produce movement and function. People interested in this option, must first do a Myoelectric Test. This involves placing electrodes on their remaining limb. A myotester is connected to the electrodes and will record 2 important things as they contract their muscles: • the EMG signal strength (how much electrical signal can be recorded) and • whether the individual being tested has the ability to separate contractions. Separating contractions means that when one muscle is contracted or flexed another opposing muscle stays relaxed. The ability to do this is important because, if both muscles contract simultaneously (co-contraction), the controller will receive information to turn the control motors on and off at the same time. The hand will receive instructions to open and close at the same time which will result in no function.



2.1. Advantages Many people prefer this type of control scheme because, unlike a body-powered prosthesis that requires gross body movement to operate it, a myoelectrically-controlled prosthesis only requires the wearer to flex his muscles. This eliminates the need for a tight, often uncomfortable control harness. Another advantage of a myoelectric prosthesis is that because it does not require a control cable or harness, a cosmetic skin can be applied in either latex or silicone, greatly enhancing the cosmetic restoration. The patient can also operate the prosthesis over his head, down by his feet, and out to his side, all of which are difficult to do with a body-powered prosthesis. A myoelectricallycontrolled prosthesis also eliminates the suspension harness by using one of the two possible suspension techniques: Skeletal/soft tissue lock or suction. A Skeletal/soft tissue lock is a technique that involves designing the socket, or patient interface, in such a way that it compresses in areas around the elbow or wrist to provide suspension. Suction suspension is achieved by fabricating the socket with a valve. Once the Emilie Ferrandini
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patient has donned the socket, the valve creates negative pressure inside the socket, providing adequate suspension.



2.2. Disadvantages Unlike the other prosthetic options, the electrically-powered prosthesis uses a battery system that requires a certain amount of maintenance which includes charging, discharging, eventual disposal, and replacement. Because of the battery system and the electrical motors, the electrically-powered prosthesis tends to be heavier than other prosthetic options, although advanced suspension techniques can minimize this sensation. When properly fit and fabricated, electrically-powered prostheses require no more maintenance than other prosthetic options. However, when repairs are required they are often more expensive than other options due to their sophistication. An electrically-powered prosthesis provides a higher level of technology but at a higher cost. An electrically-powered prosthesis is susceptible to damage when introduced to moisture. If you are considering this option and work in or around heavy moisture this should probably not be your primary work prosthesis. Here are several companies that produce electrical prostheses : • Otto bock http://www.ottobockus.com • Hosmer http://www.hosmer.com http://www.liberatingtechnologies.com • LTI • Motion control http://www.utaharm.com
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STUDY OF THE HAND 1. Hand anatomy The hand is an amazing organ of versatility and dexterity. It can be used to grasp objects with force, but it also can perform delicate moves. The basic functions of the hand can be grouped into grasping activities (latching onto objects) or non-grasping activities (touching, feeling, tapping, etc.). Although your hands are not essential to sustain your life, they may be the most important organs that allow you to enjoy your life. Thinking about movement of your own hands, there is an immense range of motions that can be performed. A hand can move up-down (y-axis), left-right (x-axis), and forwardbackward (z-axis), but can also rotate about these three axes. In addition, each finger can flex and extend itself. The thumb in particular has a wide variety of movements. The opposition of the thumb to the other finger is what allows for grasping of objects. This diagram demonstrates some of the many motions that are involved with everyday activities :



Figure 3. Hand motions
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As we just said, each finger can flex and extend itself. So if we consider the hand anatomy, and more specifically hand joints, we can see that to obtain a move as natural as possible, we should have one motor for each finger joints, which means 15 motors !



Figure 5. Hand structure



Figure 4. Hand joints The human hand has about 40 muscles that control it, which are classified into those outside of the hand (extrinsic muscles) and those that are within the hand (intrinsic muscles). The median and ulnar nerves are the major nerves of the hand, which run the length of the arm in order to transmit electrical impulses to and from the brain to create movement and sensation. The median nerve is mainly responsible for muscles associated with wrist and finger flexion while the ulnar nerve is responsible for the rest of the muscles in the hand. The median nerve is a very important nerve also known as the $1.000.000 nerve which is the price that a surgeon may have to pay due to a lawsuit if he damages the nerve during an operation.



2. Hand representation The first step to create a prosthetic hand will be to conceptualise it with this fundamental function. In this case, we will consider the several joints and their degrees of freedom (DOF). We have already mentioned that the hand counts 15 joints for the finger and 16 if we consider the wrist. But all these joints have not the same DOF. The nine interphalangeal joints (between the proximal and middle phalanxes – n° 1 to 9 on figure 2) have only one DOF: flexion-extension. The five metacarpophalangeal joints (between the metacarpal and phalanx – n° 10 to 14 on figure 2) have two DOFs: flexionextension and abduction-adduction. The thumb is a little bit more complicated, with the base of the thumb (n° 15) having an extra two DOFs when compared to the other fingers. And finally, the wrist itself (n° 16) has six DOFs. Emilie Ferrandini
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Figure 6. Degrees of freedom of the joints Using these sixteen joints and their degrees of freedom, it is possible to approximate all the movements that a human hand can make. But now, the most difficult, is to realize a hand that can reproduce the natural motions of a human hand while keeping a simple way to control it. The human body is a wonderful thing, cause we can do a lot of things without really knowing how. It’s possible to say that we act with a subconscious manner. For this reason the control of the prosthetic hand must be friendly using otherwise amputee people will not use it.
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HYDRAULIC HAND PROSTHESES Consumers want new prosthetics that have increasing functionality, better cosmetic and lower weight. Researchers have been studying a new kind of prostheses from about three or four years, using a hydraulic system, in order to answer to the patient’s wills. To present this prosthesis I have studied an article of Christian Pylatiuk, which is the most recent article on this subject. The design of this hand is based on four main requirements which have been decided thanks to a survey covering 438 people with upper limbs loss. The four requirements are : • An increase of functionality (number of grasping patterns). • A reduction of weight. • A better cosmetic appearance. • A tactile feedback system. Two other requirements are necessary : a low power consumption in order to obtain more efficient use of the limited battery energy, and compactness. Two different designs have been realized by Pylatiuk and Al., the first one have a really low weight whereas the second one offer increased functionality. We are going to study these devices.



1. General considerations and components The electrohydraulic system used for this new prosthetic hand is composed of a single micropump, microvalves, a reservoir, a controller and a multitude of small fluidic actuators integrated in the finger joints. The flexible fluidic actuators generate the flexion movement whereas the extension movement is performed by elastic elements.



1.1. Hydraulic system choice. In first consideration, we can say that the actuators could be driven as well by a pneumatic system as by a hydraulic one, and specially if we consider the leakage problem associated with the use of liquid. Despite this problem, hydraulic has been preferred because it offers different advantages. First, liquids have a higher stiffness and higher grasp forces are achievable. Hydraulic system, in comparison with pneumatic system, does not provide hissing sound. And the most important argument is the lower energy required for compression. Calculations have been made to prove the lower energy requirement with hydraulic system : the energy required to compress an oil volume flow of 15cm3/s is Poil = 0,002 W, whereas the one to compress an air volume flow of 15 cm3/s is Pair = 9 W. So the compression energy for oil can be neglected.
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1.2. Design and weight requirements As we have already mentioned the weight of the prosthesis is an important criteria because if it’s too heavy the patient will not use it. The model is constructed with a framework of lightweight aluminium bones and joints of high tensile strength identical for all fingers. In order to keep a low weight, all actuators are driven by only one micropump. The pumps are external gear pumps because they have a high power-to-weight ratio and also because they are routinely used for hydraulic applications.



Figure 7. Principle of an external gear pump. The principle is simple : two meshed gears rotate in opposite senses. The liquid is trapped in the pockets between the teeth and the casing and does not pass between the gears. The engaging gears push the liquid through the outlet port under pressure. The direction can be changed by reversal of the gear’s direction rotation.



1.3. Power supply To power the prostheses, a high-current NiMH battery is used. This type of battery has a capacity of 4000 mAh that offers a charge length of 12 hours.



1.4. Cosmetic issue The cosmetic appearance is a very important consideration for the patients and that is why a new thin silicon rubber glove has been developed. It makes the hand less identifiable than an artificial one, and it gives protection to the mechanics and electronics of the device. Fingertips are made of viscoelastic material to improve the grasping capabilities.



1.5. Feedback system The feedback system is only an option for the moment. It provides a non visual control information to the user which help him(her) to secure grasping. The system consists of a vibration motor and a tactile sensor integrated in the fingertips. When an object is grasped with contact to the fingertips, the signal is converted into a discrete signal. This results in an increased amplitude and frequency applied by the vibration motor to the skin.
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2. Ultralight prosthesis To reduce the mass, unlike other artificial hand designs that use gear motors, the hydraulic pump and valves are placed far away from the hand. As a result, the center of mass moves closer to the body, so stresses on the remaining limbs are reduced and the prosthesis seems to be lighter.



3. Multifunctional prosthesis The most important grasping patterns for everyday life has been analysed to realize a prosthetic hand offering a good functionality. Subsequently, the degrees of freedom (DOF) required were identified and by designing fingers of independent DOF, the hand was enable to perform more grasping patterns making it a more versatile device. We can consider five important grip types :



Figure 8. Different grasping patterns. A. Hook grasp The mp and ip joints are flexed from the index to the little finger, whereas the thumb can support the grasp by preventing the object from slipping out of the hand. B. Precision grip This grip is used to handle small objects. They are grasp with the distal segment of the thumb and index finger. C. Lateral grasp Objects can be held between the finger pad of the thumb and the lateral part of the index in the region of the pip joint. This position is useful to hold a key for example. D. Cylindrical grip Emilie Ferrandini
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The thumb works as a counter bearing in opposition to the other fingers that move parallel when grasping and holding an object. E. Index position The index is extended while other finger are flexed. This position is very useful to operate on a keyboard for example. So it’s a really important grip for the amputees, because nowadays lots of thing are made with the use of a computer, and also because they often have to change from their prior profession to an office job !



4. Assessment The hydraulic system allows a simple design of lightweight multi articulated hands that requires a little space. Even if this prosthetic hand is already lighter than other conventional prosthetic hands, the weight could be reduced again by using a Li-ion battery. Compared to other prosthetic hands which usually use only three fingers to provide grasp types, this one offers better and additional grasp patterns. They also have a good appearance thanks to the silicon rubber glove which makes them like a natural hand. The most important improvement is the integration of a vibrotactile feedback system to avoid a visual attention for the control of the hand. To conclude, we can say that this kind of designs will maybe help to close the gap between purely cosmetic hands and functional ones. However the leakage problem is still to be solved …
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EVOLUTIONS Some problems tied to prosthetics limbs have already been solved thanks to the constant evolution of new technologies and materials, but others are still present.



1. Communication with prostheses An important problem to solve is the communication with prostheses. The user’s ability to control a prosthetic limb has been a particularly difficult problem to overcome with upper-limb prostheses. The range of motion required for arms, hands and fingers involves the use of a complex set of variables that must be addressed by prosthetic mechanisms, and a correspondingly complex control interface to communicate with the device and direct its movements. So efforts have to be made in order to find a simple way to control prostheses. Myoelectric control have already been developed but it allows only control of simple actions. Researchers are working on more advanced interfaces, which will be able to return full control to the patient. Some studies have been made on direct neural interfaces that will link the thought of an action with a signal that can be directly interpreted by a robot device.



2. Feedback system The second point deals with restoring sensation, to obtain a feedback signal which could avoid a visual attention. We have mentioned the motor vibration system, but there are other system that are being tested, to restore a temperature sensation for example. This kind of system generally consist of a sensor which send a signal to a microprocessor which in turn converts it in a signal that the patient can feel, like vibration, or pressure.



3. Attaching the prosthesis An other persistent problem of prosthetics development is designing a suitable method for attaching the prosthesis to the remaining stump. The aim is to maximize comfort and to stabilize contact for controlling the limb. Hopes to solve this problem stays in osseointegration. In this procedure, a direct skeletal attachment is made to the prosthetic limb.



Figure 9. Osseointegration Emilie Ferrandini
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During the original amputation or during a revision to prepare the patient for osseointegration, a surgeon exposes the ulna, and installs a titanium implant, which is like a bolt that is inserted into the cavity of the bone. After six months, during which time the living bone cells attach themselves firmly to the surface of the titanium, the second stage of the surgery exposes the end of the ulna and the head of the implant and connects that to another titanium component, called an abutment, which then comes through the skin and through the end of the patient's stump. The limb can then be attached to the abutment with a wrench. Since the titanium abutment permanently pierces the skin, the danger of infection is always present. In fact, infection seems to be the chief complication, although the literature reports that most can be effectively treated with antibiotics. It is safe to assume that the osseointegrated patient must make an effort to keep that area clean. This technique is still considered experimental and the amputees who are accepted for osseointegration are considered experimental subjects, but it sounds to be a successful method.



4. Reduction of energy consumption By using memory shape alloys, it is possible to reduce the energy necessary to move the limb. These alloys can be considerate as muscles. The principle is simple, the alloy have a defined shape for a specific temperature, and it comes back to its original shape when returning to the original temperature.



Figure 10. Original shape



Figure 11. Modified shape



On this picture, you can see a wire which length is modified when we apply a current thanks to a battery. The current which passes trough the wire increases the temperature and that is why the wire’s shape changes. The use of this kind of material in prostheses may have two major advantages. On one hand, it could reduce the energy developed by the patient to act its prosthetic limb and on the other hand this will allow him/her to obtain more natural movements.
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CONCLUSION The complexity of human limb movements posed difficult challenges to prostheticlimb designers. Restoring the functions of a natural arm for example, has been difficult, and most designs for artificial limbs are generally able to perform only the simplest functions of the missing extremities. The development of new technologies and new materials have allowed to produce more efficient prosthetics limbs which have better functionality and appearance. As we have just seen, many evolutions still to be made, more precisely for prosthetics hands due to their complex characteristics. Beyond electronics and mechanicals evolutions, improvements of new prostheses have been made because researchers begin to consider the patient’s wills. And this point may be the most important one. So amputees can be confident for further evolutions.
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