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of joint locking mechanisms. The joint locks serve to actively control the degrees of freedom of
the four fingers, allowing a single actuator to perform a variety of grasping motions. The thumb
is separately actuated by a combination of opposition and flexion motors. Rubber fingertips
add compliance to the grasp, and can be equipped with an integrated tactile sensor array. The
prototype's kinematics are evaluated, and its functionality is demonstrated by performing a
Underactuation series .of grasps. The resglts.show that the UT Hand I provides the advantages of minimal
Joint locking actuation, without reducing its functionality.
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1. Introduction

In recent years, several advanced myoelectric hand prostheses have become commercially available [1-3]. These hands offer a
significantly higher number of degrees of freedom (DOFs) than traditional prostheses. However, despite their increased
functionality, a large percentage of myoelectric prostheses still go unused by their owners [4,5].

To circumvent this problem, a list of requirements has been set up based on input by users, clinicians and engineers [5]. For the
mechanical design of a hand prosthesis, these requirements can be divided into two categories:

> Anthropomorphic: the prosthesis should resemble the human hand as much as possible, in both appearance and functionality.
This not only affects the size and weight of the hand, but also the fingers' dynamic behavior and thumb opposition.

o Grasping: activities of daily living for single-sided amputations almost invariably involve grasping and holding of objects with
the prosthesis, while the able hand performs manipulation tasks. To this end, the prosthesis should be able to perform a
variety of grasp types relevant to these activities (see Fig. 2):

- Lateral grasp, which keeps all fingers flexed and uses the thumb to grasp flat objects

- Cylindrical grasp, which uses all fingers and an opposed thumb to firmly grasp larger objects

- Tripod grasp, which uses the index and middle fingers and the thumb to grasp smaller objects while keeping the ring and
little fingers flexed

- An index finger point gesture should also be supported.

Abbreviations: DIP, distal interphalangeal joint; PIP, proximal interphalangeal joint; IP, interphalangeal joint; MCP, metacarpophalangeal joint.
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Fig. 1. A rendering of the UT Hand I prosthesis prototype, indicating phalanx and joint names.

Minimizing actuation is a crucial part of prosthesis design; a low number of actuators requires less volume and reduces
weight. Underactuation has already been used in the development of several prototype hand prostheses [6-13], where it is
achieved by means of many different strategies, such as:

> Mechanisms for rigid joint coupling [6-10]

> Tendon-pulley drive [11]

> A Geneva drive to alternately actuate different DOFs [8,10]

- Compliantly linking the actuation of multiple fingers [11,7,9,10]
> Passive, compliant joints [8,12].

However, every one of these mechanisms reduces the effective number of controllable DOFs. A system of joint locks has been
developed to re-establish a measure of control over the motion of underactuated fingers [14].

In this paper, a new design for an underactuated hand prosthesis is presented: The UT Hand I (Fig. 1). The prototype
implements a robotic finger concept based on ideas put forth in Wassink et al. [15]. A combination of a tendon-pulley system and
four-bar linkages is used to actuate the four fingers' 12 DOFs with a single DC motor. The joint locking systems have been
improved for the UT Hand I; 8 locks are installed in the palm and proximal phalanges to control the hand's grasping motions. The
system also includes a 3-DOF thumb with two actuators.

The joint locking technology is the core of the underactuation strategy of this prototype. It allows a reduction in the number of
continuous actuators, while maintaining the possibility of controlling different DOFs individually and adding only a small amount
of weight and volume. This gives the UT Hand I an advantage with respect to many existing hand prostheses, the advertised DOFs
of which often include both active and passive ones.

The design of the prototype is described in detail in Section 2. Section 3 covers the kinematic analysis of the system. In
Section 4, the results of the preliminary prototype tests are shown and discussed. Section 5.1 concludes the paper.

2. Prototype concept and design

In Fig. 3, the UT Hand I is shown. The hand features the following mechanisms:

—

. The hand's underactuation is obtained by implementing a single DC motor to flex all joints of the four fingers.

2. Each of the four fingers is equipped with two friction-based joint locks, actuated by small solenoids. Different grasp types are
obtained by locking certain finger joints, allowing selective actuation of the unlocked joints [14].

3. In each finger, the rotation of the DIP joint is coupled to that of the PIP joint by a four-bar mechanism.

Fig. 2. Three grasp types commonly used in activities of daily living, from left to right: cylindrical, lateral, and tripod [5].
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Fig. 3. The UT Hand I prosthesis prototype; 1-6 indicate relevant subsystems.

4, Extension springs are implemented to extend the fingers and maintain tension in the tendon transmission.
5. To actuate the thumb, two DC motors are used: one for flexion, and a smaller one for opposition.
6. The thumb's IP joint rotation is coupled to that of its MCP joint by a tendon coupling.

2.1. Joint locking

In Peerdeman et al., a mechanism was designed to individually lock the joints of an underactuated finger [14]. By using a
friction-based self-locking principle, the mechanism shown in Fig. 4 can continuously block the rotation of an actuated joint with
only a single low force solenoid actuator. These mechanisms have been implemented and tested in a two-fingered setup [16];
based on the results of those tests, several improvements have been made. Most notably, the lock's drum is coated with a layer of
10 pm silicon carbide particles embedded in nickel, which serves to increase the friction of the drum. This increase in friction

Fig. 4. The joint locking mechanism. The arrows indicate the operating direction of the solenoid (red) and pawl (blue), and the locking direction of the drum
(green).
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Fig. 5. The different hand configurations required for tripod grasping. The symbols show the state of all joint locks; green arrows represent unlocked joints, and
red arrows indicate a locked direction. From left to right: 1: Index and middle fingers are locked in the flexion direction; little and ring fingers are fully flexed.
2: Little and ring fingers are locked in the extension direction. 3: Index and middle fingers are unlocked while thumb is brought into opposition. 4: Fingers and
thumb are flexed, while locking the distal finger joints to ensure a stable grasp.

allows for a higher contact angle between the pawl and drum while keeping the self-locking property of the system intact. A
higher contact angle in turn reduces the contact forces in the locking system and the compliance of the locked joints. The
increased friction and contact angle of the new design also allow for a smaller solenoid actuator, reducing the general dimensions
of the mechanism. In this prototype, the updated joint locks are used to control four fingers with a single actuator. Four of the
locking mechanisms are integrated into the palm, and one is integrated into the proximal phalanx of each finger.

The current implementation of the joint lock is unidirectional, and therefore the desired locking direction needs to be
considered for each joint. The tripod grasp requires separate extension of the index and middle fingers with regard to the ring and
little fingers, which need to remain flexed while the grasp is being executed. A description of the tripod grasp and associated joint
locking is shown in Fig. 5. To this end, the index and middle fingers have locks in the flexion direction, and the ring and little
fingers can be locked in the extension direction. This configuration does not interfere with the cylinder and lateral grasps, and also
allows the hand to perform an index finger point.

2.2. Finger design

A picture of the index finger is shown in Fig. 6, highlighting its various subsystems. The structure of the other fingers is
identical, except for the orientation of the joint locking mechanism. The fingers are connected to a steel actuation tendon at the
intermediate phalanx, which actuates their flexion. Extension is done by a pair of torsion springs placed in the proximal and distal
joints. The DIP and PIP joints are coupled by a four-bar linkage. A tactile sensor array is placed inside the fingertip, and flexure
sensors are placed on each joint to measure its rotation angle.

2.2.1. Four-bar coupling

In the fingers of the human hand, the rotation angle of the DIP joint with respect to the PIP joint is characterized by a
transmission ratio of approximately 2:3 [17]. Considering this ratio, a coupling between the two joints would reduce the number
of DOFs without affecting the dynamic appearance and function of the hand. Coupling the motion of multiple finger joints can be
achieved in several ways, such as mechanical linkages [18,19] or tendon-pulley systems [8,11]. For the fingers of this prototype, a
four-bar linkage has been chosen, as it requires little space and provides a bidirectional coupling. The structure of the linkage is
shown in Fig. 7.

To determine the relative orientation of the distal phalanx, an analytical approach is used. Compared to the use of closure
equations simplified by Freudenstein's equation [20], this approach serves to evaluate the mechanism's variable coupling ratio
across the joint's entire range of motion. The approach is illustrated in the inset of Fig. 7; definitions of the variables used in this

Fig. 6. The index finger and its subsystems: 1: tendon-pulley actuation, 2: joint locking mechanism, 3: four-bar coupling, and 4: tactile sensor array.
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Fig. 7. The four-bar mechanism of the finger. P, Q, O; and O, indicate the positions of the mechanism's joints. The rotation angles of the intermediate (6;) and distal
phalanges (68p) are indicated with respect to the proximal phalanx.

approach can be found in Table 1 in Appendix 1. With the coordinates of P being defined as {bpo,cos(6;), bpo, sin(@,)}T, the
coordinates of Q can be derived from the following equations:
(XQ_XP(OI))Z + (yQ_yP(el))z = bIZ’Q

o)+ (3, o

The analytical function 6p(6;) describing the distal phalanx's motion can then be obtained by means of Eq. (1) and the
following:

6, 0 arctan (y‘f

6791 - ael . (2)

Due to the presence of the shaft, bearings and locking mechanism at the intermediate joint, the choice of position for the
linkage joints is very restricted. The best solution for our purposes generates a slope described in Fig. 8. The distal phalanx rotation
differs from the desired behavior at high angles, but this will only occur when the finger is nearly fully flexed, which will not affect
the grasping action.

2.2.2. Sensors

Proper control of the hand prosthesis requires information on the pose of each finger and any contact forces applied to the
fingers. This information is provided by a set of angle sensors placed on each joint, and a tactile sensor array which can be
integrated into the fingertip. The tactile sensors are based on the TakkTile system [21]. The sensor consists of an array of MEMS
barometers covered in a molded urethane rubber fingertip, which also serves to improve the hand's grasping performance. To
determine the angle of each joint, a flexure sensor is wrapped around the outside of the joint. This provides the necessary
information without requiring significant space in the finger.
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Fig. 8. The desired and actual angles of the intermediate (6;) and distal phalanges (8p) due to the four-bar mechanism.
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Fig. 9. The thumb and its subsystems: 1: tendon-pulley actuation, 2: tendon coupling, and 3: urethane rubber tip.

2.3. Thumb design

The structure of the thumb is shown in Fig. 9. Compared to the fingers, the most notable difference is its opposition motion. In
this prototype, opposition is accomplished by placing the thumb at a 45° angle to both the other fingers and the plane of the palm.
This causes the thumb itself to move along a cone centered on the shaft, approximating the opposition motion of the human hand
with a single DOF.

2.3.1. Actuation

Flexion of the thumb is actuated by a single tendon connected to the thumb's proximal phalanx. This tendon has to be routed along
several pulleys in order to align with the thumb's flexion plane. It should also be noted that opposition of the thumb will result in
flexion of the thumb or slacking of the flexion tendon. Therefore, opposition of the thumb should be coordinated with movement of
the flexion motor; this is addressed in Section 3.2. The opposition motor is only used during preshaping, and is not required to exert
the higher forces involved in grasping; however, external forces due to grasping or contact with the environment require some
measure of non-backdrivability in the opposition joint. Therefore, a worm wheel transmission has been placed between the thumb
shaft and the opposition motor.

2.3.2. Tendon coupling

The ratio between the thumb's distal and proximal phalanges' flexion angles is different from that of the fingers. Based on the
relative motion of the human thumb's joints [22], an approximate ratio of 2:1 between the prosthesis' IP and MCP thumb joints has
been chosen. The combination of this transmission ratio and the spatial limits of the thumb would lead to a four-bar mechanism that
reaches a singular position. Though the mechanism's behavior would be close to the desired one, a high transmission ratio is present
at low flexion of the distal phalanx. Therefore, a tendon coupling has been implemented. Although such a mechanism requires
additional space, this does not pose a problem as the thumb is wider than the fingers and its phalanges do not contain joint locks.

The design of the tendon coupling is shown in Fig. 10. It consists of a crossed connection of two nylon tendons, which are
routed around two circular cams. The crossed cables provide a bidirectional coupling of the distal phalanx angle. The transmission
ratio of the coupling is defined by the ratio r,rw% and can therefore be set exactly to the desired 2:1.

Tendon coupling

Op Flexion motor
\f," Opposition motor

Opposition
worm gear

Flexion

vy = 9% — Oycr_ TmeP .
t Buer rip tendon routing

Fig. 10. A diagram of the thumb's tendon coupling, and the elements of its actuation system. For the tendon coupling, relevant angles and radii are indicated.
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Fig. 11. The palm and its subsystems: 1: thumb actuation motors, 2: finger actuation motor and tendon-pulley linkage, and 3: joint locking mechanisms.

2.3.3. Sensors

The sensors of the thumb are identical to those of the fingers. However, the thumb can also be equipped with a socket for a BioTac
sensorized fingertip [23]. This will eliminate the thumb's distal DOF, but allow for a more accurate measurement of external forces on
the tip.

2.4. Palm design

As with the rest of the prototype, the design of the palm is restricted to a size similar to the human hand. The dimensions of the
palm have been chosen to be 90 x 82 x 26 mm, in accordance with an average male hand [24]. The palm can be divided into several
sections, housing the finger joints, thumb joint, joint locks, linkage system, and actuators. These sections are shown in Fig. 12. The
palm has been manufactured in 5 parts, which are connected and aligned by two shafts running through the palm.

2.4.1. Actuation system

Due to the variety in the length of the remaining limb after a transradial amputation, most recent hand prostheses implement an
actuation system that is included in the palm of the hand [6,11,7-10,12,13,25,26]. These prostheses also almost exclusively feature DC
motor actuation, although actuation by means of pressurized CO, cartridges [26,27], monopropellant gasses [28], or shape memory
alloy actuators [29] have also been investigated. In this prototype, for reasons of reliability and controllability, DC motors have been
chosen over more experimental actuation methods.

The palm contains three DC motors (Maxon Motor AG, Switzerland), used to actuate the four fingers' flexion and thumb's flexion as
well as the opposition of the thumb. The two flexion motors are 16 mm brushless DC motors [30], with a 157:1 planetary gearhead,
whereas for opposition a 10 mm brushless DC motor [31] with a 16:1 reduction is used. The flexion motors have been chosen with
regard to maximum torque and maximum velocity requirements. A 5-10 N load for each of the four fingers is considered, and 15-20 N
for the thumb; for flexion velocity, complete flexion of all the fingers in 1 s was considered acceptable.

Fig. 12. The palm structure, divided into its constituent parts.
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All motors are located in the lower part of the palm, in order to concentrate the hand's mass as close as possible to the
hypothetical wrist. Their position optimizes the available volume; it also allows room for motion of the transmission elements
(pulley tree, tendon reels and worm gear).

2.4.2. Transmission

The relative position of the fingers can vary based on the selected grasp type and the object being grasped. Therefore, the
mechanism that distributes the actuator force across the four fingers needs to be adaptable. The four fingers are connected by tendons
in pairs of two, each of which is actuated by a single pulley. The two pulleys are connected to a linkage, which can be seen in Fig. 11; a
diagram of the actuation system is shown in Fig. 13. The linkage is actuated by a single tendon connected to the far end of the main
beam. This configuration allows the pulleys to assume any relative position by rotating the beams, and distributes the actuator force
evenly across the fingers. The combination of the linkage system and tendon transmission ensures the adaptability of the grasp: the
linkage allows relative motion of the two pairs of fingers, and the tendons permit the two fingers of each pair to move independently.
The extension springs in the DIP and MCP finger joints maintain the tendons' tension.

As already mentioned, two motors govern the thumb's motion. Thumb flexion is controlled in a similar way to finger flexion, with
a single tendon on a reel connected to the motor. Thumb opposition is actuated via a worm gear transmission to ensure
non-backdrivability. The positioning of the thumb shaft with respect to its actuators is shown in Fig. 10.

3. Modeling and kinematics

A kinematic analysis of the prototype is essential for the future development of its control system. The actuation systems of the
fingers and the thumb will be analyzed to determine the velocities and forces that can be applied.

3.1. Fingers

Determining the motion of the four fingers with regard to the motion of their actuator can be complicated, given the nature of
the tendon transmission and the adaptability of the underactuated mechanism. A diagram illustrating the situation is shown in
Fig. 14. 1t should be noted that the actual finger joint velocities are also influenced by external forces, both of which will need to be
detected by the prosthesis' sensor suite. However, the kinematics of the system are relevant to determining the desired motor
velocity for different lock configurations and hand poses.

A diagram of the finger underactuation linkage in the palm is shown in Fig. 13; the symbols used in this figure are described in
detail in Tables 1 and 3 in Appendix 1. To evaluate the mechanism, the total length of each of the two tendons (I, for the index and
middle finger tendon, and L, for the ring and little finger tendon) can be divided into three ‘control lengths’: the lengths of the tendon
paths in the fingers (clnto cly, from the index finger to the little finger), and the tendon paths in the palm (cl,; and cl,2). A row of 4
small pulleys (A-D in Fig. 13) separates the tendon paths in the palm from those in the fingers. As tendon stretching is considered to
be negligible, the combination of a palm control length and its two associated finger control lengths will be constant.

Each extremity clys clyy eemeaea Clf

pulls one finger cl

P

LB

: Four fingers flexion dc motor
Trg f[

Fig. 13. A diagram of the finger actuation pulley tree linkage, indicating points, angles and lengths used in the kinematics calculations. See Tables 1 and 3 in
Appendix 1 for a description of the symbols used in this figure.
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IP joint finger I [ > Inverse kinematics
MCP joint finger I Control length

IP joint finger II cable 1 Non-linear functions
T
IP joint finger I1I beam 1 DC motor
MCP joint finger II1 Control length

IP joint finger IV cable 2

MCP joint finger IV -5 IForward kinematics

Fig. 14. A diagram of the forward and inverse kinematics of the system.

During movement of the fingers, the tendon path around the fingers is determined only by the joint angles. The tendon path in
the palm is more complex, due to the floating pulleys (S; and S,) in the pulley tree mechanism seen in Fig. 13. The linkage
supporting the floating pulleys has 2 rotational DOFs, a and . Thus, the location of each floating pulley is a function of the angles
of both links of the linkage:

_ cosa| cosf3
Si= bo”{sina} bus, {sinﬁ}

_ coso cosf3
5 7b0”{sina} +b”52{sin/3}'

The variation in the tangent points of each tendon with the smaller upper pulleys is considered negligible as well. The tangent
points of the tendon with the floating pulleys (Tj, ..., Tp) vary with the pulleys' position. This is expressed in the following
equations for [y, and Ty, in which r; is the radius of the two pulleys:

b, =V IA=S, 1> =17 4)

‘YA —Ys, r
¢, = arctan | —— | + arctan - (5)
’xA —x, At
_ lar, cos(¢)
Ta=A+ {_IATA Sin(ch)} ’ ®

The other tangent points Tg, Tc and Tp (and corresponding lengths Igr,, lcr., Ipr,) can also be obtained in this way. The palm
control lengths can then be determined by adding the lengths of tendon between the tangent points on pulleys A, ..., D and the
tangent points on the floating pulleys to the tendon contact arcs along the floating pulleys. The contact arc angles can be
calculated as follows:

_ o (ITa—Tg|l _ o (ITe—Tpll
Yy = 2arcsm< o, , Y, = 2 arcsin 2, . (7)

This leads to the following equations for the palm control lengths:
Clyy =1+ lar, + lr,,s Clpy = Y1y +ler, +Ipr, - (8)

The pulley positions, and therefore the palm control lengths, vary non-linearly with regard to the linkage angles; Fig. 15 shows
the relation between linkage angles and palm control lengths. The variations in the linkage angles were purposefully made as
close as possible to a linear relation; the only significant exception occurs at minimal values for both o and 3, which cannot occur
simultaneously given the geometry of the palm linkage. This allows for the following approximation (see Table 2 in the appendix
for exact values of the constants):

Clyy (@, B) = Q10+ Qo3 + a5 9)
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Fig. 15. Evaluation of the linkage mechanism. The top two graphs show the relationships between palm control lengths cl,; and cl,; and linkage angles acand 3.
The bottom two graphs show the error percentage between the relationship above and a linear approximation.

clyy (@, B) = byt + by + bs. (10

Fig. 15 also shows the error of the closest linear approximation as in Eqs. (9) and (10). The maximum error in palm tendon length
between this approximation and reality is less than 1 mm. Since the variation in palm tendon length can be up to 44 or 50 mm
(depending on the pulley) this is considered acceptable; closed-loop control can be used to minimize this discrepancy even further.

3.1.1. Inverse kinematics
To determine the required motor velocity to attain a desired set of finger joint velocities, the inverse kinematics of the system
should be calculated. With r; being the radius of each joint pulley, a desired change in the finger joint angles can be converted to

changes in finger control lengths, and subsequently to palm control lengths as in Eq. (11). Afp;p, and Aycp, represent the changes
in the PIP and MCP joint angles of each finger.

Bclyy = —(Aclyy +Aclyy ) =1y (B0pp, + By, + B, + Ducr, ()
Acly, = — (Acl 3+ Adf4) =1 (AGPIPa + ABycp, + Abpp, + A9mcp4>-

Using the results of Egs. (9) and (10), the following linear approximation of the linkage angle c can be made, based on the palm
control lengths cl,; and clp,, and constants ¢y, ¢;, and cs:

&(clpl , clp2> = ¢y Cly + ol + . (12)

This also has the benefit of removing the unknown angle 3 from the equation, owing to the symmetric placement of the pulleys
with respect to the pivot point of the main bar. « is then converted to the necessary motor output shaft rotation angle, Oyt

_dor g (13)

dcl,, 11110000
0 _ Pi| _
JC’_{ael—rf [0 0001111 (14)

lo=lo o] (15)
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as well as the following ratio between motor velocity and change in linkage angle a:

b
Vi, = rrﬂ (16)
4f

Multiplication of these relations allows us to obtain the required velocity of the motor, given the desired finger joint
velocities:

Of
Wy,
ol 10 ;
045 = Vi JoJL 0 (17)
o bor
Jm4f:—r e a6 g 6 o 6 6l (18)
T,

Assuming that the internal stiffness and friction of each finger joint is approximately equal to the others, all unlocked joints
will flex at the same velocity. This velocity depends on the number of unlocked finger joints (from 0 to 4), represented by f; for
the index and middle fingers and f, for the ring and little fingers. In this prototype, the ring and little fingers can only be locked in
the extension direction, so f, is fixed at 4. The motor velocity w4 required to flex all unlocked joints at a desired velocity 6 can
then be derived as follows:

b -~
Wy :rOF ri(cif1+caf2)6. (19)

T4f

3.1.2. Forward kinematics

Calculation of the forward kinematics involves determining the velocity of the fingers' joints, given a certain motor velocity and
status of the joint locks. As shown in Fig. 13, a decrease in length of the motor tendon will lead to an increase in the palm control
lengths. The flexion of each finger joint is in turn caused by the corresponding decrease in the finger control lengths. As mentioned
earlier, it is assumed that the internal frictions and stiffnesses for each joint are approximately equal, leading to an even distribution of
force and velocity. Therefore, the total control length variation can be expressed as a single value I,, which represents the control
length variation for each unlocked joint. The change in I, can then be expressed as a function of &, f; and f>:

al, 1

@:ﬁfﬁrczfz' 2

a(ly) =i fily + &faly + 5=

It is then possible to express the forward Jacobian based on Eqgs. (11) and (13), with d representing the status of all 8 joint
locks (d; is O for a locked joint, and 1 for an unlocked joint):

myf
Iy
—_——

- rr
hp=d— @ . 21
! ribop(cify +cof2) ™ (21)

The Jacobian matrices derived in this Section illustrate the possible shortcomings of minimally actuated finger flexion. Mainly,
direct control over each individual DOF is not possible, and the use of joint locking mechanisms causes a non-linear relationship
between the finger joint velocities and the joint lock status variables d;, due to their discrete nature.

3.1.3. Grasp force

The force exerted by one of the fingers on an object depends on the tendon tension (F;), finger dimensions (Ip, [;, and Ip), pulley
radius (), joint angles (6pcp, Opip, and Opyp), and the stiffness (k) of the extension springs in the MCP and DIP joints. The torques on
each finger joint can be derived from these and the coupling between the DIP and PIP joints (6p;p = 20pjp) as follows:

2
Tvep = Fe - 1j—=k - Oycp, Top = Fy - =3 k- Oppp. (22)

Based on Eq. (22) and the pose of the finger, the fingertip force (Fycp) resulting from the MCP joint torque (Tycp = [0,0,7mcp]”)
can be calculated:

HTMCPH (23)

I Epcell =
Myce
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Ip cos(Bycp) + L cOS(Bcp + Opip) + Ip COS(Opicp + Oprp + Opyp)
lyep = | lp sin(Oycp) + I SIn(Opycp + 61;1)19) + Ip sin(Opcp + Opip + Opip) | - (24)

Fuicp can be determined using Eqs. (23) and (24); the direction of Fycp is perpendicular to both Ty,cp and Iycp. The fingertip
force resulting from the PIP joint torque can be calculated in a similar way. Assuming the motor torque to be equally divided
across the four finger tendons, the average force exerted by one of the fingers during a cylinder grasp will be approximately 3.6 N.

3.2. Thumb

The kinematics of the thumb are related to its flexion and opposition movements, which have a single (effective) DOF each; as
mentioned earlier, the rotation of the IP joint is compliantly coupled to that of the MCP joint. It should be noted that flexion and
opposition are not completely decoupled: the flexion tendon travels around a freely rotating pulley on the thumb opposition
shaft, the path of which is shortened or lengthened during opposition. Due to this, the inverse Jacobian matrix that relates flexion
and opposition velocities to those of the motors is not diagonal, as expressed in Eq. (25):

I,
ﬁ—\
De s
R {9””“*} (25)
0 0 v, orp,

Additionally, it follows from this relation that the flexion motor could actuate both flexion and opposition degrees of freedom;
this is prevented by the non-backdrivable worm wheel transmission between the opposition motor and the thumb. The forward
kinematics of the thumb can be obtained by inverting Eq. (25).

3.2.1. Grasp force
The thumb tip force can be calculated by using the tendon tension and thumb pose, as demonstrated in Egs. (22), (23) and
(24). These calculations lead to an average thumb tip force of approximately 12 N.

4. Preliminary test results

To demonstrate the functionality of the underactuation mechanisms and the joint locking system, preliminary testing consists
of the demonstration of three grasp types (see Fig. 2), as well as the general functionality of the joint locks.

4.1. Joint locking
To test the joint locking mechanisms in a demonstrable way, a 250 g weight is suspended from the index fingertip, as shown in

Fig. 16. When the joint locks are not engaged, the finger simply flexes as the weight is released; however, the joint locks keep the
finger straight when activated, even if the solenoid actuators are disabled after locking the joint.

Fig. 16. A demonstration of the functionality of the joint locking mechanisms.
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Fig. 17. A selection of frames illustrating a lateral grasp performed by the prototype.

4.2. Grasping

The various stages of each grasp are shown in Figs. 17, 18, and 19. Three videos showing the prototype performing each of these
grasps are available in the electronic version of this paper. An index finger point is also executed; its result can be seen in Fig. 20.

4.2.1. Lateral grasp
Preshaping of this grasp consists of full flexion of the fingers; no joint locking is required. Once the fingers are flexed, the
slightly opposed thumb can be flexed to grasp small objects between it and the side of the index finger.

4.2.2. Cylindrical grasp

Preshaping of this grasp consists of opposition of the thumb; no joint locking is required. The differences visible in the motion of
the fingers are due to friction/stiffness inequalities; when the joint angles approach full flexion, or contact is established, this effect
disappears. The thumb is flexed a short time after the start of finger flexion.

4.2.3. Tripod grasp

Preshaping of this grasp involves first flexing the fingers while locking the index and middle fingers' flexion. Once the ring and
little fingers are fully flexed, they are locked from extending, while the index and middle fingers are unlocked. Lastly, the thumb is
opposed. Flexing the fingers and thumb simultaneously, while locking the distal and intermediate joints of the index and middle
fingers, will complete the grasp.

5. Discussion

The joint locking mechanisms are successful in enabling the hand's different grasping motions with minimal actuation. With
the previous implementation of the joint locks in a two-fingered prototype [16], a significant degree of compliance was observed
in the locked joints. The new locks' improved friction and contact angle has eliminated this compliance, and the smaller
mechanism size allows all 8 MCP and PIP joints of the finger to be fitted with a lock.

The tendon-pulley underactuation linkage serves to evenly distribute the actuator force across the four fingers. The presence
of small deviations in friction and stiffness on each joint can lead to an uneven flexion/extension of the fingers. The tripod and
lateral grasps are executed in approximately 1 s, as per the requirements. However, during the cylinder grasp, the fingers take up
to three or four seconds to fully flex. This is due to total stiffness of the fingers' extension springs being higher than expected. A set
of more compliant springs, with some additional pretension, should be evaluated as an alternative. The fingertip force exerted

Fig. 18. A selection of frames illustrating a cylindrical grasp performed by the prototype.
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Fig. 19. A selection of frames illustrating a tripod grasp performed by the prototype.

during the cylindrical and tripod grasps was measured to be around 5 N; for the lateral grasp, 12 N was measured. While the
thumb force matched the result of the force calculations, the fingertip force was somewhat higher than expected. Though these
results are on the low end of the requirements, they are sufficient for the hand to establish a stable grasp.

The couplings between the distal and proximal joints of the fingers and thumb reduce the hand's DOFs to a manageable
number while maintaining an anthropomorphic dynamic appearance. The compliance of the thumb tendon coupling also allows
for a more flexible grasp; replacing the rigid bar in the fingers' four-bar coupling with a compliant alternative can offer such
flexibility to the fingers as well. The thumb opposition worm wheel provides a non-backdrivable transmission, though the current
implementation has noticeable play between the teeth. However, the existing coupling between thumb flexion and opposition
helps the thumb to remain fixed while grasping.

5.1. Conclusion

This paper shows the development of the UT Hand I, a new anthropomorphic hand prosthesis prototype designed to execute
several grasps relevant to activities of daily living. The hand's primary innovation is the minimal actuation system of its four
fingers, the DOFs of which can be individually locked by means of miniature joint locking mechanisms. This system provides a
way for modern hand prostheses to support a human-like number of controllable DOFs, while adhering to the stringent weight
and size requirements imposed on anthropomorphic hands.

In order to develop a control system for the hand, its kinematics are analyzed. The transmission of actuator velocity to that of the
finger joints is calculated based on the number of locked joints and current position of the fingers and pulley linkage. The required
actuator velocity to attain a desired set of joint velocities is also determined, and a calculation of the fingertip forces is done.

Fig. 20. The prototype performing an index finger point, by locking both joints of the index finger and flexing the fingers and thumb.
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The functionality of the hand is evaluated by executing three different grasp types and an index finger point gesture. In these
preliminary tests, the effectiveness of the joint locking mechanisms, joint couplings and thumb opposition is demonstrated. The
combination of joint locks and underactuation proves effective in controlling the four fingers' 8 DOFs with a single actuator.
Though it does not allow full simultaneous control over all DOFs, the implementation of joint locks leads to an effective variety of
grasping motions and gestures, while maintaining the adaptive properties of underactuated fingers.

5.2. Future work

In future work, the control system of the UT Hand I will be developed. Using electromyographic input signals as well as the
position and force sensors of the hand, the system will consist of high-level user control and low-level automatic control. The
high-level controller will be based on a state machine structure, allowing several grasps and gestures to be intuitively navigated with

few control signals. For the low-level controller of the hand several interaction control systems can be evaluated, such as admittance
control, impedance control, and intrinsically passive control systems.
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Appendix 1. Variables and constants

The symbolic conventions adopted in the paper are made explicit here:

X Scalar values
X Points

X Vectors

X Matrices

The nomenclature used to express lengths between points in the kinematic equations (e.g. bxy and Izy), is given by:

by =IX=Y|,  Lw=|Z=W|. (26)

Table 1
Geometric values of the underactuation mechanisms in the palm, thumb and fingers.

Label Value Description
bpo, 20 mm Length of one of the bars in the fingers' four-bar mechanism
bpg 6.25 mm Length of one of the bars in the fingers' four-bar mechanism
bqo, 20.91 mm Length of one of the bars in the fingers' four-bar mechanism
bon 41 mm Length of one of the bars in the palm pulley linkage
bs, 19 mm Length of one of the bars in the palm pulley linkage
bor 57.5 mm Length of one of the bars in the palm pulley linkage
A —71.65 Position of a finger alignment pulley at the top of the palm
[ 15.5 ] nm
B —53.15 Position of a finger alignment pulley at the top of the palm
[ 15.5 ] mm
C —30.75 Position of a finger alignment pulley at the top of the palm
[ 15.5 ] mm
D —12.35 Position of a finger alignment pulley at the top of the palm
[ 15.5 ] mm
T 4.25 mm Radius of the two pulleys in the palm pulley linkage
1 4.85 mm Radius of the pulleys in the joints of the four fingers
Trys 5 mm Radius of the reel connected to the finger flexion motor
T, 6.75 mm Radius of the pulley in the MCP joint of the thumb
Ts, 6.5 mm Radius of the pulley on the opposition shaft of the thumb
Tr, 4 mm Radius of the reel connected to the thumb flexion motor
Ip 45 mm Length of the fingers' distal phalanx
I 20 mm Length of the fingers' intermediate phalanx
Ip 30 mm Length of the fingers' proximal phalanx
Ip, 30 mm Length of the thumb's distal phalanx

Ip, 36.7 mm Length of the thumb's proximal phalanx
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Table 2
Mathematical constants used in the linear approximation of
the palm pulley linkage kinematics.

Label Value

a 76.3819 mm

a, 34.9877 mm

a, —192.754 mm

by 66.4568 mm

b, —30.5868 mm

b —153.817 mm

[ 6.56165 x 107> mm ™!
[ 7.50576 x 107> mm ™!
[ 2.41930

Table 3
Variables used in the kinematic calculations of the palm.
Label Description
0p Angle of the finger's distal phalanx with respect to its proximal phalanx
0 Angle of the finger's intermediate phalanx with respect to its proximal phalanx (=6p;p)
Opip, , +.. Opip, PIP joint angles of the four fingers
Omcp, , --- Omce, MCP joint angles of the four fingers
01,02,P,Q Joints of the finger four-bar linkage
S1.52 Central points of the palm linkage pulleys
TaT,TcTp Tangent points on the palm linkage pulleys
(076} Lagrangian parameters of the palm pulley linkage
Y12 The tendon arc angles of the two palm linkage pulleys
lar,, Igry, lere, Ipry Tangent parts of the tendon control lengths
badbpdc,dbp Angles of the tangent parts with respect to the line AD
Il Total length of the finger tendons
a Approximated linkage angle o, as per Eq. (17)
O, Rotation angle of the finger flexion motor shaft
¥ Jacobian matrix relating the angle of the finger joints to the tendon control lengths
Ih Jacobian matrix relating the tendon control lengths to the palm linkage angle o
e Transmission ratio between « and the finger flexion motor
gnar . .
ity Inverse Jacobian matrix for the four fingers
J';]“f Forward Jacobian matrix for the four fingers
2;‘ Inverse Jacobian matrix for the thumb
fif Number of unlocked joints for each tendon
Ly Variation in palm control length for each of the unlocked finger joints
d Vector of the joints' lock status (0 if locked, 1 if unlocked)
by Vector of the fingers' PIP and MCP joint velocities
Once, Flexion velocity of the thumb MCP joint
Oopp, Opposition velocity of the thumb
g5 Rotational velocity of the finger flexion motor
oy, Rotational velocity of the thumb flexion motor

Rotational velocity of the thumb opposition motor

Appendix 2. Supplementary data

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.mechmachtheory.2014.03.018.
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