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centuries. The basic concept of twisting a string as a transmission can be

seen in using a stick to twist a tourniquet. Low force rotations can lead to
very large tensile forces on the string. TSAs typically consist of a motor, a string
and some support structure. As such, the system can be very low-cost,
extremely light-weight and compact yet have high transmission ratio especially
compared to things like compound gears that have ratios of around 100:1. The
problems with these transmissions include [Baek 2024]:

Twisted string actuators (TSA) have been around for many decades maybe

» Short range of motion relative to the length of the string (measured as strain)
compared to lead screw or rack and pinion or spool systems.

* Nonlinear input to output transmission

* Relatively short lifetime (thousands of cycles) compared to geared systems
(millions of cycles).

* Unidirectional (can only pull)

In this invention we add a linkage to the system that makes the string wrap at a
constant angle as it twists. This causes the resulting motion of the linkage to
move linearly with the motor position. We avoid the nonlinear transmission,
buckling and multilayer twisting that can occur with a large number of twists that
limit TSA's to around 30% strain. So we also extend the range of motion to be
limited by the linkage range of motion (typically around 80 or 90% effective
strain). This uniform wrapping means that the string also does not rub as it wraps,
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so there is reduced fiber to fiber wear which increases life time and efficiency.
We call this device a Uniform Twisted String Actuator (UTSA).

Technical Approach

In twisted string actuators, two (or more) strings are attached to the end of the
output shaft of the motor and the other end to the load. So, in addition to the
string, there is always a frame that holds the motor and string, but this frame is
application specific so is often not considered part of the transmission though it
should be. Twisting the string around itself causes the distance between the ends
of the string to shorten. This shortening is the desired linear motion from
rotational input.

In our invention we mount the motor to a link (the motor link) and add this link to
a joint on a parallelogram four bar linkage (all links the same length). The two
links not attached the motor are extended to be double their original length and
arranged such that the ends of the three link ends are collinear as in Figure 1.

The ends of the two strings of the UTSA are attached to the collinear ends of the
links (one to each). As the motor turns, the strings twist pulling the two ends
together. Note that the actuation direction is now perpendicular to the original
TSA string axis. It is critical to note that as long as the string is in tension in this
configuration the angle that each string makes to the motor axis sets the angle of
the wrap. With each wrap, the length of each unwrapped string shortens by 2mr
where r is the radius of the string and the length of the wrapped portion extends
by 2mrir cos(8) where 0 is the angle the unwrapped string makes to the motor axis.
Since the triangle formed by the unwrapped string, the load axis and the motor
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Figure 1: Three states of the actuator from left to right: fully closed, halfway extended, fully extended.
Twisted string is shown in red. Note that the actuation direction is horizontal but the string twist is
vertical.
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axis form similar triangles (with side lengths: U, U cos(6), U sin(8), where U is the
unwrapped string length) as the string is wound, the angle 6 remains constant.
Thus the wrap angle remains constant. The relationship between the motor
rotation position is linear with the output, x = ¢4nr sin(6), where ¢ is the number
of rotations by the motor. All of this is illustrated in Figure 1.

In the case listed above, the two strings and each side of the motor are
symmetric. Theoretically, the motor axis will bisect the angle from the four-bar
keeping everything symmetric. However, in practice the two strings do not
necessarily wind evenly. This occurs more when the tension on the two strings is
not even. The string that is less taut will wind around the more taut one
shortening more than the other side causing the motor axis to deviate from
symmetry. This can limit the full range of motion of the actuator as one side hits
a joint limit early. To prevent this, a structure can be added to the four-bar
joining the motor link to the free joint of the four-bar as shown in Figure 2.

Note that theoretically the angle of 8=45 is the smallest angle where the rope will
not rub against itself during wrapping nor overtwist [Konda 2023]. Cos(45) =
0.707 which is where the approximately 30% strain limit for normal TSA comes

from.
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Figure 2: A isometric view of the system. With joints of 4 bar listed as A,B, C and D. Left: alignment
structure is added that attaches to the joint C.

In another embodiment, the system can be modified to have the string twist
around a rod instead of itself. Note that the transmission ratio will be changed as
the output length x will be x = p4mn(r+R) sin(8) where R is the radius of the added
rod. When a rod is added it can have a gear attached to it such that a motor turns
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the gear instead of the string directly. This adds another gear stage as another
opportunity to tune the transmission ratio.

Current status

Figure 3: Tested prototype using dyneema thread 0.12mm in diameter leading to approximately 150:1
ratio between motor velocity and linkage velocity. A rod is shown here as an alternate alignment
structure to the one shown in Figure 2a.

We have prototyped the different models and verified the equations above. One
prototype is shown in Figure 3 We are in the process of measuring actual
efficiency and doing life-time tests to see if the even wrap and lack of friction will
result in more cycles than the lifecycles tested in [Usman 2017].
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Prior Art Comparison and Applications

The main benefits of this approach is the low cost and low profile/low mass
system. For example a small version of this actuator using NFP-D8617 coreless
DC motor that is 8.6mm diameter and costs $1.80 (in gty 100) that has been
prototyped is shown in Figure 3.

For low cost systems DC gear motors have dominated small actuators for
decades. Table 1 below shows the performance of this version compared to
similar capability DC gear motors though without the structure to convert rotation
to linear motion (which would make them more expensive). Our invention has
estimated >1.5x higher torque, 4x higher speed, 1/4 mass, 1/10th price in large
quantities. The UTSA cost is dominated by the motor cost in this case, the NFP-
D8617--2-3.4 which costs $8 in gqty1 and $1.80 in qty 100 as the linkage structure
can be injection molded plastic.

Stall Torque No Load Mass Dims[mm] qty 100 cost qty 1 cost
[mNm] Speed [rad/s] [g] [USD] [USD]
UTSA 350 100 18 25 x 25 x 80 $2 $10
NFP-GM25- 200 25 100 25 x 25 x 60 $20 $10
BL2430
INJS022 RC 2100 7.5 50 20x29x41 $10 $17
Servo
NSDRC 2800 21 64 20x27 x 41 $97 $50
SS400servo
HXT900 150 9 10 23 x23x12 $2 $2.5
mICro servo
6x HXT900 150 54 60 23x23x72 $12 $15
stacked

One major architectural difference from DC gear motors is that this invention does
not spin continuously but articulates back and forth over a range of about 170
degrees. This is similar to RC servos. There are a variety of servos listed in the
table as well, some of which may exceed UTSA in one performance area, but are
worse in most of the rest.

One thing missing in the current prototype is a closed loop feedback mechanism
that the RC servos have. To add that might add $0.50 to the price and is easily
done.
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The other metrics not shown in the table are lifetime and efficiency. While the
lifetime is likely to be worse for UTSA we haven't yet measured and so are not
sure what that is. For efficiency, we also are in the process of measuring, but
expect the UTSA to have better efficiency than the servos and possibly the gear
motor since most of the inefficiency comes from the linkage bearings and the
string bending losses are very small.

Applications include areas where low profile low mass RC servos are used. This
includes driving fixed wing Unmanned Aerial Vehicles (UAV's or drones) control
surfaces and robotics. Also in places where TSA's are currently used.

1. Wearable assistive devices: TSAs are being used in rehabilitation exoskeletons
and other wearable devices to assist with mobility. Their lightweight nature
and compliance make them ideal for human-robot interaction.

2. Prosthetic limbs: The high force-to-weight ratio of TSAs makes them suitable
for prosthetic applications, providing natural-feeling movement with minimal
weight.

3. Soft robotic grippers: TSAs enable precise control of soft robotic fingers and
grippers, useful for handling delicate objects.

4. Biomimetic robots: Researchers are using TSAs to create artificial muscles for
robots that mimic natural biological movement.

5. Low-cost robotics: As a simpler alternative to hydraulic or pneumatic systems,
TSAs offer cost-effective actuation for educational robots and maker projects.

6. Space applications: The lightweight, compact nature of TSAs is attractive for
space applications where weight and volume are critical constraints.

7. Medical devices: Emerging applications include minimally invasive surgical
instruments and rehabilitation devices.

There are a large number of research papers on twisted string actuation. Google
scholar lists 1300 papers on twisted string actuators.

Here is a list of currently active patents involving twisted string actuators (TSAs)
asking ChatGPT:

US9272425B2 - Twisted String Actuator Systems,Assignee: SRI International

Description: A twisted string actuator system includes a motor generating rotary
motion of a rotor and a twisted string comprised of a pair of cords. The system
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operates antagonistically to lengthen or shorten the twisted strings and uses non-
circular cams to maintain tension throughout the motion range23.

US20150343647A1 - Twisted String Actuator Systems, Assignee: SRI
International

Description: Similar to US9272425B2, this patent application describes a TSA
system with cords twisted about each other for specific sections. It includes a
cord guide for controlled twisting and untwisting13.

US12223109 - Haptic Controller
Filed: January 20, 1998

Description: Discusses the use of TSAs in haptic controllers for efficient energy
conversion and reduced noise compared to gear-based systems. The TSA design
emphasizes quick response times and predictable force feedback behavior5.

There are many patents with the application of TSAs to different systems
including exosuits (US10828527B2, US20210244992A1, US12070406B2,
US9950422B2, US20220362094A1)

Robotic elements(US9427876B2, US9884427B2, US10189519B2,
KR102096001B1)

Haptic devices (US10775891B2)
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