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2004). The first motor-controlled devices were invented in 
the early 20th century and have seen dramatic improvements 
in recent years. The most advanced of these devices, myo-
electric prosthetics, can respond to signals from muscles in 
the remaining limb to control anatomically similar fingers to 
grip many different objects (Geethanjali, 2016). However, as 
dexterity and strength increase, so do weight, complexity, 
and cost. 

An intact hand picks up an object in two phases: a high-
speed, low-torque reach phase where the hand is moved to 
the object, and a low-speed, high-torque grasp phase where 
the hand conforms to the object and applies appropriate force 
(Weir, 2004). Prosthetic devices, however, must strike a bal-
ance between efficiency and functionality (Weir, 2004). Mo-
tors in a prosthetic hand can recreate this grasping process 
using a low-torque/high-speed motor during the reach phase 
and high-torque/low-speed motor during the grasp phase 
(Weir, 2004). However, this requires an engineering choice 
as a single system cannot satisfy both of these torque/speed 
constraints: 1) including both motors which is effective but 
increases weight and cost 2) using only a high-torque motor 
which allows for grasping and lifting of heavier objects but is 
slow and draws more power, and 3) using low-torque motors 
that are inexpensive and quick, but can be easily driven in 
the opposite direction even when engaged, making it difficult 
to hold heavy objects. Typically, the industry standard is to 
sacrifice weight for effectiveness which can often lead to de-
vice abandonment (Weir, 2004). The negative consequence 

INTRODUCTION
The earliest known prosthetic hands originated in ancient 
Egypt (Zuo and Olson, 2014). These early designs were 
mostly cosmetic representations of hands and provided little 
functionality (Zuo and Olson, 2014). Systems using cables 
as actuators emerged in the late 1700s and became com-
mercially available in the mid-1800s (Zuo and Olson, 2014). 
These prostheses allowed the user to open or close a grip-
ping hand by pulling a cable with the opposite arm. Cable-
driven systems are frequently used due to their low cost and 
mechanical simplicity, but the repetitive motions required to 
operate them can lead to over-use shoulder injuries (Weir, 
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The standard motors that drive prosthetic fingers cannot provide both the speed and torque required to hold objects as 
efficiently as a human hand. This problem of high speed/torque can be solved by using multiple motors or transmissions 
to drive a prosthetic finger, but these increase weight, cost, and complexity of the prosthetic finger system, which lead to 
people abandoning their device. Presented here is a novel clutch mechanism that alleviates the high speed/torque problem 
by holding the motor in place during gripping using nickel-titanium “memory wire” called Flexinol. This clutch mechanism 
allows an inexpensive low-torque motor to drive fingers while retaining the grip strength benefits of a high torque motor thus 
reducing cost and weight of the prosthetic finger system. The newly developed clutch presented in this paper was compared 
to our earlier nitinol clutch design (described in Altholz et al., 2015) and to a clutchless motor, which served as the control. 
The direct effect on torque resisted using one, two and three strands of Flexinol within the new clutch design was measured 
in addition to the torque resisted by the alternate clutch designs. The maximum torque each clutch could withstand before 
failure (forced motion) was found by applying a torque to the motor with a weighted bar. The clutch design presented in this 
paper resisted significantly more torque than the older clutch and the control system (p < 0.001). Increasing the number of 
nitinol strands also increased the torque the clutch could provide. Clutch 2 with three strands of nitinol had a failure torque 
of 0.93 with a standard deviation of ± 0.21 Nm. This is a torque that is significant enough to withstand forces encountered 
in by prosthetic users and is within a margin of error of the industry standard minimum torque of 1 Nm. Therefore, our novel 
clutch can resolve the high-speed/high torque problem while reducing cost and weight.
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of the third design choice is known as “back-driving” and is 
a major issue for prosthetic devices. Optimizing this choice 
to limit the ability of motors in a prosthetic hand to be back-
driven is essential for designing effective prosthetic devices.  

The solution presented here is a mechanism that grasps 
the motor drive shaft like a clutch to prevent back-driving 
when subjected to forces that someone would encounter in 
every-day life. While purely mechanical clutches exist, they 
are complex, heavy, and expensive, and usually do not al-
low the user to control when they activate. Therefore, this 
clutch uses nitinol “memory wire” which contracts to actuate 
a simple caliper system and could be controlled by the pros-
thesis’s existing electronics. Including a clutch overcomes 
the major limitation of high-speed/low-torque motors: their 
back-drivability. The back-drivability refers to the extent to 
which the motor can be driven in the reverse direction. It also 
reduces weight and complexity and only costs about $10 to 
manufacture. To our knowledge, it has not been previously 
used in the specific application we describe in this paper.

Presented here is analysis of two nitinol-activated clutch 
designs using different numbers of nitinol strands. This 
new clutch design prevents back-driving better than both 
an unclutched motor and the clutch described by Altholz et 
al. (2015). Altholtz et al. introduced a basic nitinol-actuated 
clutch design with demonstrated minimal functionality. This 
paper expands on their results by demonstrating that a low-
torque motor can have the low back-drivability benefits of a 
high-torque motor when combined with the new clutch. Inte-
grated into prosthetic hands, this new design could reduce 
cost and weight in commercial prosthetics. The new clutch 
was tested with one, two, and three nitinol strands. The au-
thors of this study hypothesized that increasing the number 
of strands would increase the amount of torque the clutch 
could resist. Since the force of friction is linearly correlated 
with the applied normal force (Ff = µFN), and each strand ap-
plies force independently, the resistive increase from adding 
more strands was expected to also be linear. 

METHODS
The clutches presented here work by using “nitinol memory 
wire”, an alloy of nickel and titanium that can be bent and 
twisted holding its shape like a normal  wire (e.g. copper or 
aluminum), but that returns to its original shape when elec-
tricity is applied to it (Khan, Muhyuddin, and Wadood, 2017). 
This clutch uses a proprietary brand of nitinol, called Flex-
inol, that contracts when subjected to a low-voltage current 
instead of simply returning to a user-set shape (DYNALLOY, 
n.d.- a).

The Flexinol was wrapped around two semi-circular
metal calipers around the motor shaft so that, when current 
was applied to the wire, the calipers contracted and applied 
force to the motor shaft to hold it in place (Figures 1 and 
2a). This allows a prosthetic hand to maintain a grasp on 
heavy objects even when using a low-torque motor. Flexinol 

Figure 1. Clutch calipers placed inside the motor collar and 
threaded with a single strand of nitinol wire wound around the 
outside of the calipers and through the open hole in the motor 
collar. The housing was modified to accommodate the size of the 
calipers and to allow the wire to exit the housing (to the right of the 
screw in the figure). The calipers were machined to slip-fit toler-
ances to fit below the pinion gear. 

Figure 2A. CAD model of the clutch calipers inside the clutch-
motor-housing assembly. The calipers were designed concentric 
to the motor shaft and to fit below the pinion gear to maximize the 
surface area of the clutch applying friction.

Figure 2B. Green lines indicate the applied force on the collar 
from the calipers. This is caused when the calipers constrict as a 
result of the contraction of the nitinol wire.
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was chosen for this study because it is the industry standard 
for contractile wires, and the only brand for which technical 
specifications are available. In addition, using commercially 
available components when available reduces cost ($4.50/
meter (DYNALLOY, n.d. -b) compared to a custom manu-
facture process), improves test repeatability, and scales for 
mass production. Designing and manufacturing novel mem-
ory wire was beyond the scope of this project and the capa-
bilities of this lab. 

Design and fabrication 
The clutch calipers were designed with Solidworks CAD 
software (Dassault Systemes, Vélizy-Villacoublay, FR) and 
3D printed out of tool grade, high nickel content steel using 
an EOS M270 printer (EOS, Krailling, GR). They were fabri-
cated on a CNC mill at the University of Colorado at Denver 
machine shop to remove support material. The calipers were 
attached to the motor housing by a screw and fit around a 
plastic sheath on the drive shaft (Figures 1 and 2). A poly-
ethylene plastic was chosen for the sheath to minimize cost 
and improve durability. Since the collar was not in contact 
with the nitinol, there was no concern that any heat from 
the wires would damage it. However, a commercial design 
should consider an even more durable material. All tests 
were performed with a Faulhaber MM1724 DC motor (Faul-
haber, Petersburg, FL) the collar of which had been modified 
to accommodate the clutch. A 0.4 mm Flexinol wire (DYNAL-
LOY, Irvine, CA) was threaded through the calipers and out 
through a hole in the motor collar. This wire was secured to 
two bolts in the test support (Figure 3). Current was provided 
by a power supply (BK Precision 1666) set to provide 5 V 
and limited to 1000 mA.  Current passed through the Flex-
inol caused it to contract the calipers around the drive shaft. 
The test configurations are shown in Figure 4 and described 
in Table 1.

Configuration A served as a control to test the system 
with no clutch. Configuration B tested the clutch described 
in Altholz et al. (2015), which had non-concentric calipers 
and used one strand of Flexinol. The configurations of C 
used Clutch 2 which included concentric calipers, a plastic 
collar around the motor shaft, and a washer between the 
clutch and the gear box to prevent jamming (Table 1). Con-
figuration C was tested with one, two, and three strands of 
Flexinol. At three strands, current draw exceeded 1000 mA 
and overheating became a concern, so no additional strands 
were tested.

There is no formally established benchmark for motor 
torque in the literature. Although some prosthetic hands 
produce as much as 2.5 Nm torque at the metacarpopha-
langeal joint (knuckles), 1 Nm was chosen as the minimum 
torque criterion because it is the industry standard used for 
the German-developed DLR/HIT Hand II (1.05 Nm) and the 
prosthetic devices from Liu et al. (2008). 

Figure 3. The complete testing assembly picturing the secured 
motor with clutch enclosed. The motor had to be secured by two 
clamps to prevent it rotating in relation to the gearbox. The wire 
was clamped between two nuts for ease of testing.

Figure 4A. A side by side comparison between clutch design 
1 and clutch design 2. Clutch design 2 is thinner, concentric to 
the drive shaft, and contains a concentric clutch, a thinner outside 
housing, and a large hole through the center, that make it easier to 
manufacture and assemble.

Figure 4B. A comparison of all three clutch designs to indicate 
the evolution in design over the three iterations (from left to 
right, Altholz Clutch, Clutch 1, Clutch 2).
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Experimental techniques
This test was intended to mirror forces that a prosthetic user 
would need to exert during activities of daily living. To mea-
sure torque at failure, the clutch and motor were secured 
to the lab bench with rubber-padded metal clamps and a 
0.28 m long hardened steel bar weighing 105.28 g was at-
tached to the motor shaft with a set screw 2 cm from its end 
(Figure 5). Hardened steel was used to eliminate any bend-
ing effects from the measurements. The strength of the mo-
tor-clutch assembly was measured by attaching the bar to 
the output shaft and rotating it until it fell, at which point the 
angle was recorded. Angles were measured by hand with a 
goniometer. Each trial was performed 10 times. 

Torque at failure was calculated from the mass and an-
gle of the bar by

(1)

where l is the length of the bar from the pivot point (0.25 m) 
and F is the mass of the bar multiplied by g, acceleration due 
to gravity, and θ is the angle at failure.

The new clutch overcame the maximum torque the bar 
could provide alone. Therefore, to find the maximum torque, 
a cup was attached 0.24 m from the pivot point and lead shot 
was slowly added in approximately 0.5 g increments until the 
clutch failed and the bar fell. The total mass of both the cup 
and the added lead was recorded at failure. The bar was 
set in position before the clutch was engaged. Torque was 
calculated according to the following equations

(2)

(3)

         (4)

where Ibar is the length of the bar (0.25 m), lcup is the distance 
of the cup from the pivot point (0.24 m) and F1 is the mass 
of the bar multiplied by the acceleration due to gravity (g) di-
vided by two. F2 is the mass of the cup and added mass mul-
tiplied by the acceleration due to gravity (g) divided by two. 

 Configuration name Gear box Clutch name Caliper characteristics # strands Collar? Washer? Figure

A: Control 415:1 none none none none none none

B: Design 1 415:1 Alholtz 
Clutch

Wide, non-concentric 1 none none 4a

C1: Design 2, 1 strand 415:1 Design 2 thin, concentric with 
motor shaft

1 plastic between clutch and 
gearbox

4b

C2: Design 2, 2 strands 415:1 Design 2 thin, concentric with 
motor shaft

2 plastic between clutch and 
gearbox

4b

C3: Design 2, 3 strands 415:1 Design 2 thin, concentric with 
motor shaft

3 plastic between clutch and 
gearbox

4b

Table 1. A comparison of the different clutch designs with their corresponding figures.

Figure 5. A simplified drawing of the testing setup depicted in Fig-
ure 3.

Figure 6. Comparison of the torque of the different systems 
and statistically significant differences which are indicated by 
the stars. There was no significant difference between the torque 
for the unclutched system and design 1, nor was there between 
design 2 2-strand and design 2 3-strand. All other combinations 
experienced significant differences.
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Analysis
The failure torque in different configurations was compared 
using a one-way ANOVA with a significance threshold of p 
< 0.05. Following this, Tukey’s honest significant difference 
(HSD) test was performed at a significance threshold of p < 
0.05 to determine the differences between each of the five 
configurations (Table 1).

RESULTS
The maximum failure torque of each configuration and 
clutch design is shown in Figure 6. Important key results are 
described below. 

A one-way ANOVA indicated that Clutch 1 did not sig-
nificantly increase maximum torque compared to the un-
clutched system. The failure torque of Clutch 2 was higher 
than both the unclutched system and Clutch 1 (Tukey HSD). 
Within Clutch 2, one-strand and two-strand configurations 
performed similarly (better than Clutch 1 and the unclutched 
system), as did two and three strand configurations. The 
three-strand configuration had a significantly higher failure 
torque than the one-strand configuration (Tukey HSD). Error 
was calculated using the ANOVA test. 

A linear relationship was found between torque and 
number of strands of Flexinol (R2 = 0.9964). 

DISCUSSION
Clutch 1 did not perform as well as anticipated. The average
 0.079 Nm of torque was far from the desired 1 Nm and there 
was no significant difference between the Altholz clutch 
and the unclutched system. The key deficiency of this de-
sign was that the calipers were not concentric with the drive 
shaft, resulting in a single point of contact and reducing the 
applied friction. This demonstrates that Clutch 1 would not 
be effective in a real-world scenario as it was not a signifi-
cant improvement over the unclutched motor. Additionally, 
Clutch 1 was prone to jamming due to its large caliper size.

Clutch 2 was a significant improvement over Clutch 1 
and the unclutched system (Figure 3). The greatest failure 

torque was found in the two and three nitinol strand configu-
rations of the new clutch. Creating concentric calipers and 
adding a plastic collar to the drive shaft allowed the system 
to resist 0.93 Nm ± 0.21 Nm of torque at failure with three 
strands of Flexinol. This meets the requirement for resisting 
real-world torques and appears to be the maximum torque 
achievable with the current design. 

The Effect of Increasing Strands
Increasing the number of strands of nitinol linearly increased 
the maximum torque by 0.16 Nm per strand (R2 = 0.996). 
However, two factors limit further increasing the number of 
strands. First, increasing strands also increased the cur-
rent draw. While current draw was not measured during the 
testing (it was regulated to 1000 mA), it was noted that the 
unregulated current draw with three strands was over the 
power supply limit of 1000 mA. This heated the wires to the 
point of becoming incandescent In contrast, one strand drew 
only about 200 mA. With more wires, there is concern that 
the nitinol would reach the temperature at which it could melt 
or interfere with other components of the prosthetic system.

Second, increasing the number of strands noticeably 
increased the time it took for the wires to cool enough to 
relax the clutch system. This time measurement was not part 
of the experimental design but was estimated to be shorter 
than one second with the other configurations and about 
four seconds with three strands. This is likely too long to 
be useful in a prosthesis since people need to be able to 
release objects quickly.

Conclusions
This study has shown the simplicity and effectiveness 

of a nitinol clutch system to prevent back-driving in motors 
for prosthetic hands. The three-strand Clutch 2 resisted 0.93 
± 0.21 Nm of torque, which achieved the goal of 1 Nm. The 
calipers were easy to manufacture and implement, and the 
cost of materials was very low (approximately $10 per unit). 
The rest of the system was comprised of parts that are com-
mercially available. As such, this clutch would be a viable 
option for large-scale production and use. 

This study shows for the first time that nitinol wire clutch 
systems could have a promising future in prosthetics. Build-
ing prosthetic fingers that can be driven using inexpensive 
low-torque motors while still being able to grasp heavy ob-
jects will improve functionality and reduce abandonment 
rates. 

Two additional targets for improving this clutch design 
are: the motor shaft coating and the Flexinol wire thickness. 
In this design, the motor shaft collar was made of SLA cured 
resin plastic. Although this coating survived the testing with-
out incident, a collar made of a more durable material, such 
as a metal, could increase the friction and therefore the 
amount of torque resisted. Second, increasing the thickness 
of the wire could increase torque by providing a greater ap-
plied force to the central drive shaft. This additionally could 
resolve the current draw and reaction time limitations.

Configuration 
Name

Torque at Failure Deviation +/-

A: Control 0.030032 0.005014

B: Design 1 0.065 0.027

C1: Design 2, 1 
strand

0.61 0.16

C2: Design 2, 2 
strands

0.78 0.16

C3: Design 2, 3 
strands

0.93 0.21

Table 2. The torque and standard deviation values recorded for the 
different clutch designs.
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