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Abstract—It is highly desirable but challenging to create
assistive robot systems and devices that are inherently safe,
compact, and can produce sufficient power and force. Twisted
string actuators (TSAs) are appealing for assistive robotic ap-
plications because they are compliant, energy-efficient, capable
of producing large translational force, and exhibit high power
density. This paper presents the first performance comparison
of motor-spool and TSA configurations, and shows that TSAs
generate 5 times more force output than that of the motor-spool
configuration. TSAs are then employed to power a biomimetic
robotic assistive glove (BRAG). The design and control of the
developed TSA-BRAG are detailed. Preliminary experiments
show that the TSA-BRAG can be used to effectively pick up ev-
eryday objects using an unpowered three-dimensionally printed
robotic hand and an able-bodied human hand. Being compliant,
compact, and powerful, the proposed TSA-BRAG shows strong
potential in human augmentation and rehabilitation.

Index Terms—assistive robotic glove, twisted string actuators

I. INTRODUCTION

One of the most important ways that human beings interact
with the environment is via hands. Whether it is performing
activities of daily living (ADL) like eating and writing,
hand use is essential. In some cases, assistive gloves can
be used to augment human hand capabilities in order to
obtain larger force output. In other cases, such as spinal cord
injury or stroke, assistive gloves can help restore strength and
movement, thus increasing the users’ quality of life.

Different assistive and rehabilitation gloves and actuation
mechanisms are summarized in [1], [2]. Most upper-body
assistive devices are motor-driven, either with rigid linkages
[3], [4] or cables with semi-rigid components [5], [6]. These
devices are strong; however, their stiff designs make them
unnatural and potentially dangerous to wearers. As outlined
in [1], having rigid linkages necessitates the need to match
the centers of rotation of the fingers, and misalignment may
hurt the user. This increases the difficulty in designing safe
wearable gloves. Additionally, while relatively compact, the
glove in [7] was relatively heavy because of the high torque
motor required for force generation. [8] presents another
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Fig. 1. A twisted string actuator (TSA)-moved biomimetic robotic assistive
glove (BRAG) worn by a 3D-printed hand model. A grasping task is achieved
when TSAs are contracted.

cable-driven rehabilitative device. The device was success-
fully validated to overcome the spasticity of the muscles;
however, a long rigid actuator component was attached to
the forearm, which may restrict wrist motions.

The drive towards inherently safe assistive devices pow-
ered with soft compliant actuators has dramatically increased
in the past few years. Among these devices, pneumatic
actuators have emerged as a popular approach. Examples in
[9]–[11] all use pneumatic actuation for hand and shoulder
assistance. A recent survey on soft hand assistive devices
shows that 64 % of these devices have been actuated by
pneumatic actuators [12]–[14]. While attractive in power
output and versatility in design [9], the main limitation of
the pneumatic actuator is that it needs a pressure source,
which often results in a bulky and tethered device. Other soft
actuators, such as shape memory alloy (SMA) actuators [15]
and supercoiled polymer (SCP) actuators [16], [17] can also
be utilized. SMA actuators have a high force-to-weight ratio,
making them suitable for use in assistive devices [18]. SCP
actuators have been used in hand orthosis [19]. However,
both SMA and SCP actuators are thermally driven, their
operational speeds are often lower than 1 Hz, and their
performances are affected by the operational environment,
making modeling and control difficult.

Twisted string actuators (TSAs) convert rotary motion to
linear movement by twisting multiple strings that are parallel
to each other [20]. The twisted string configuration increases
the force to weight ratio and inherent compliance [21], [22].
TSAs remove the need for rigid linkages and TSA-based



devices can be untethered and powered by a battery. As a
result, TSAs have shown strong promise for assistive devices
[23]–[26]. A challenge of using TSAs is that there has been
few studies to quantify their performance advantages over
motor-spooled configuration. Without such studies, it is hard
to find motors to optimize footprint, torque, and speed. These
are essential in improving key features for assistive devices
– compactness, cost efficiency, and strength.

This paper presents the first performance comparison
of TSA and motor-spool configurations. In addition, a
biomimetic robotic assistive glove (BRAG) powered by TSAs
was developed (Fig. 1). Our preliminary study shows that a
wide variety of everyday objects were successfully picked
up using the TSA-BRAG with a three-dimensional (3D)
printed robotic hand and an able-bodied human hand. The
proposed glove exhibited a combination of desirable prop-
erties: compactness, compliance and power generation. The
main contribution of this work includes the following aspects:

• Provided the first formal study that compared the perfor-
mance of the twisted string configuration to motor-spool
configuration. Experiments confirmed the performance
advantages of TSAs.

• Designed, controlled, and experimentally tested a TSA-
BRAG system to effectively pick up a variety of every-
day objects with an unpowered 3D printed robotic hand
and an able-bodied human hand.

II. WHY TSA FOR BRAG?

A. Working Mechanism

TSAs convert rotary motion into linear movement through
the twisting of two or more parallel strings via motors. In this
study, ultra-high molecular weight polyethylene strings were
used due to their strength and popularity [20]. Most of the
existing TSA-based systems have employed a rail system,
with a sliding spacer [25]. This existing approach leads to
devices with more rigid components, potentially deteriorating
device comfort and safety.

It is desirable that BRAG is compliant and soft with
minimal rigid components. To achieve this goal, TSAs with
a sorter adaptor mechanism were adopted in this study, as
shown in Fig. 2(a). The sorting adaptor was placed between
the load and the motor to change the length of the twisting
part of the string. During TSA operation, twisting only hap-
pens between the motor and sorter, resulting in an adjustable
linear displacement of the load. The advantages of this TSA
configuration are that this strategy allows for 1) removal of
rail for spacer travel, and 2) ease of adjustment of the travel
on demand. The design makes it easier to have the glove
comfortably fit for people with different forearm sizes.

(a) (b)

Fig. 2. (a) TSA setup with a sorter to avoid rigid rail slider. (b) Finger
kinematics for calculating range of motion of fingers to fully close.

B. TSA Design Considerations

Considerations of the TSA actuation for the BRAG are
as follows: (1) TSAs should provide a sufficient range of
motion (ROM) for complete finger closing; (2) The minimum
speed of TSAs must result in finger motion speed comparable
to nominal values; (3) Sufficient grip strength should be
obtained; and (4) the TSA drive and control units are compact
and can be easily attached to the forearm.

The required speed and contraction for the TSAs can be
obtained in the following two steps:

Firstly, the required speed of motor-spool configuration
was derived based on finger kinematics, as shown in Fig. 2(b).
For a given finger, the phalanges lengths are known and
the maximum angles are known, the range of motion was
computed. The functional angular ROM of phalanges are be-
tween 0◦ and 73◦, 86◦, 61◦ for metacarpophalangeal (MCP),
proximal interphalangeal (PIP) and distal interphalangeal
(DIP) respectively [27]. The ROM was found to be 4.5-8 cm.
Human beings can produce hand or finger movements that
lie in the range of 2–12 Hz [28]. In this study, we chose
a frequency of 0.33 Hz for hand closing, which is mildly
slower than the human hand speed. This chosen frequency
corresponds to 3 seconds for full hand closure. The linear and
rotational speeds of the motor were obtained as 0.0267 m/s
and 571.2 rpm, using the spool radius rs = 4.4 mm. More
details can be found in Section III.A.

Secondly, the contraction specification for the TSAs was
derived from the ROM of the fingers. Since the actuation
mechanism will be mounted on the forearm, TSA should
be no longer than the average length of the forearm, which
is 32 cm. Additionally, the maximum contraction of TSA in
normal operation should be less than 25 %, slightly smaller
than the maximum achievable strain of TSAs.



C. Performance Comparisons
It has been implied that TSAs can output a higher torque

than motor-spool configurations with the same motor rating
[29], [30]. To study the advantage of TSAs over spooled
cable-driven motors, experimental comparisons were per-
formed for the two configurations.

For a fair and effective comparison, three requirements
were specified, namely, minimum speed, TSA contraction
and motor spool size. As mentioned in Section II.B, the
operating requirements for the actuating mechanism was such
that there was significant motion with a specified minimum
acceptable speed. The speed of 571.2 rpm for the motor-
spool configuration and the 25 % contraction for the TSA
configuration were used. The motor spool diameter could
not exceed the smallest frontal dimension of the motor (hm)
– 10 mm from the motor used. The experimental setup
was shown in Fig. 3. The spool diameter ds was 8.8 mm.
Accounting for the two diameters of the strings, d, the
separation between the strings, s, was chosen to be 6.3 mm.

(a) (b)

Fig. 3. (a) TSA Experimental setup. The load is varied, without changing
the power supplied to the motor (b) Frontal view of motor spool.

Fig. 4(a) shows the classic torque-speed plots for three
motors with gear ratios (GRs) of 5:1, 10:1 and 30:1. To
determine the torque output under a rotational speed, the
specifications of each motor were obtained from the original
datasheets. The torque at the specified minimum speed was
determined by plugging the speed into the following:

τ = −K1ω +K2, (1)

where τ was the torque, ω was the rotational speed of the
motor, and K1 and K2 were constants for each motor. The
cutoff rotational speed (the minimum speed the motor turns),
571.2 rpm, was also plotted.

Fig. 4(b) shows the variation of the TSA contraction under
different loading conditions. The data was obtained using
the experimental setup in Fig. 3. For a fair comparison,
three motors with the same ratings and GRs were used. The
contraction of TSAs was obtained by measuring the total
linear displacement of the load, where the contraction was
defined as

∆x =
xi − xf
xi

× 100%, (2)

where xi was the initial length of the twisting zone, xf was
the length of the twisting zone after the motor stalls or the
string starts to overtwist. As seen, the contraction of the TSAs
decreased with increasing loads, consistent with prior studies
[20]. The cutoff contraction, 25%, was also plotted.

From Fig. 4(a), the load was calculated for the motor-
spool configuration. The diameter of the spool used in these
tests was 8.8 mm. The load for the TSA configuration was
measured when the contraction was at 25 %. The correspond-
ing torque was computed when the separation of the strings
in the TSA was 6.3 mm. Fig. 4(c) shows the result of this
experiment by combining Fig. 4(a) and Fig. 4(b).

D. Findings

Fig. 4(c) shows the load-torque plots of the TSA with 25%
contraction and motor-spool configuration with 571.2 rpm.
When 30:1 gear ratio motor was used, motor-spool config-
uration could lift loads that were smaller than 380 g. The
TSA configuration, on the other hand, produced forces that
could lift loads over 2500 g. The results showed that with
the stringent system requirements, the TSA configuration
generated more than 5 times larger load output than that of
the motor-spool configuration. For other motors, the TSA
configuration also generated higher load outputs compared
to the motor-spool configuration. The advantage of the TSA
was evident when the motor had a large GR.

The performance comparison results confirmed the ad-
vantages of TSA for assistive robotic glove applications –
motors with smaller torque outputs can be used to generate a
sufficient force output while operating at acceptable speeds.
Since low torque motors can be used without huge gearing
to generate desired torque at desired speeds, a TSA design
leads to more compact, low-weight, and powerful assistive
glove devices than conventional approaches.

III. GLOVE DESIGN

A. Design Considerations

The design considerations of the proposed TSA-BRAG
system were as follows:

Firstly, the ROM should be sufficient to lead hand to
fully close. Full hand-close will enable the BRAG system
to perform effective motion generation and object grasping.
The ROM could be obtained based on the kinematics of the
fingers, as shown in Fig. 2(b):

∆x =
∑

∆xi for i = 1, 2, 3, (3)

where i is the sequence of the phalanges, ∆x is the ROM of
the fingers from a straight position to fully close. Through
geometry analysis and laws of sines and cosines, it could be
shown that the ∆xi is given by
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Fig. 4. (a) Classic torque-speed curves for three motors obtained from datasheets. Also indicated is the minimum speed that is constraint in our system.
(b) Strain-load behaviour of three motors in TSA configuration. The minimum contraction that is required to get significant range of motion (c) Aggregate
data for three motors combined, taken from (a) and (b).

∆xi =
√

2l2i (1 − cos θi) sin

(
θi
2

)
, (4)

where ∆xi is the displacements of each phalange from
straight positions, θi are the joint angles and li is the lengths
of the phalanges, as defined in Fig. 2(b).

By using the maximal angles for the three finger joints
(MCP, PIP, DIP) and the lengths of the different fingers,
the ROM of all the fingers was calculated. In the BRAG
system, the ROM was determined to be between 4.5-8 cm,
for different fingers of a medium-sized male.

Secondly, the grip strength must be sufficient. Sufficient
grip strength will enable performance of wide range of ADL,
augmentation of strength, or rehabilitation tasks.

Thirdly, the system should be compact, comfortable and
not completely block sensations. Compactness is essential
in ensuring that users can comfortably use the glove for an
extended period of time. Taking into account the forearm
length and the maximal ROM, it is obtained that the TSA
will generate 25% strain, that is (8/32)×100% = 25%. The
users should still be able to perceive at least partial sensations
with the usage of soft glove.

With the above design considerations in mind, the TSA-
BRAG was designed that exhibited a combination of com-
pliance, strength, and compactness attributes.

B. Hardware Design

The BRAG system (Fig. 1) was based on the Red Stone
Gloves (Amazon: B06ZY5G3ZC). The glove was chosen for
its softness, comfort and breathability. The thin fabric of the
glove ensured that sensations could be picked by the hand
even with the glove worn. Previous designs have opted to
leave the fingertips uncovered by the gloves to ensure that the
sensations were not affected [31]. In our approach, however,

(a) (b)

Fig. 5. (a) Embedding of fishing lines on BRAG, acting as tendons. (b) 3D
printed robot hand used for the BRAG.

the thin fabric was chosen so that the user could have a
consistent and partial remaining sensation about what the
users were doing through the glove.

The motion from the TSAs to the user’s fingertips
was transferred through fishing line tendons, as shown in
Fig. 5(a). Nylon mono-filament fishing line with 0.2 mm
diameter and 7.90 kg pulling force (Amazon: B078N2SJMH)
was embedded symmetrically into the glove with consistent
spacing. This was done by stitching the fishing line in and out
of the fabric every 5 mm from the wrist area, up the front
of each finger, around the back of the fingertip, and then
back down in the same fashion. Both ends of the fishing
line were then tied to the end of the TSA string so that a
loop was created around each fingernail. When the TSA was
actuated, the fingers were pulled downward toward the palm.
Throughout the testing studies, all tendons were undamaged



and proved to be robust enough to withstand forces provided
by the system over a long period of use.

The actuation unit was attached to the forearm region using
two elastic velcro straps that could be adjusted to fit the
forearm of the user. These bands held to the arm tightly
enough to resist the contraction force produced by the TSA
and keep the system mounted on the users’ arm. As shown by
the 3D printed robotic passive hand, the TSAs were able to fit
on the forearm (Fig. 1). It was also shown by experiments that
human users could naturally wear the TSA-BRAG system
with velcro attaching TSA to the forearm.

C. Electrical design and control
The fingers could be controlled in two modes to gener-

ate motions and complete grasping tasks: 1) fingers were
activated sequentially, one finger after the other until the
hand accomplished a fist configuration; 2) all fingers were
actuated at the same time. The design consisted of 4 TSAs.
The number of TSAs was chosen such that a wide range
of grasping configurations could be obtained and enough
independence was achieved among all fingers. The thumb,
index, and middle fingers had independent controls as they
were the dexterity fingers and required separate actuation to
complete common ADL and tasks [32]–[34]. Then the ring
and pinkie fingers were coupled together.

BRAG was driven by TSAs with 30:1 gearmotors (Polulu:
3072) for two reasons: 1) the motor was lightweight and
the footprint was small. It had a cross-section of 10×12 mm
and a depth of 40 mm; 2) the load range was bigger for
contraction above 25 %. The motors were fitted with mag-
netic encoders (Polulu: 3081). Arduino Mega was used to
read the encoder data and the motors were driven by an
Adafruit Motor Shield (Adafruit product 1438). In this study,
the motors ran off a power supply; however, the system will
be battery-powered in future studies.

IV. EXPERIMENTS

To test the performance of the proposed TSA-BRAG
system, three sets of experiments were performed, namely,
motion generation, grasping with a 3D printed robotic hand,
and tests with an able-bodied wearer. The experimental
results are shown in Fig. 6.

The first set of experiments demonstrated that motions
could be achieved with the assistive glove on a 3D printed
robotic hand, as shown in Fig. 6(a)-(d). This experiment
was separated into two modes. The first mode consisted of
actuating all fingers at once, generating a grasping motion
used for power grasping or picking up large objects like a cup
or pliers. The second mode actuated all fingers individually,
one actuator at a time, to demonstrate individual motion of
the fingers. This strategy could be important to perform tasks
like picking up small objects or typing.

The second set of experiments demonstrated the ability to
pick up common objects with the 3D printed robotic hand,
as shown in Fig. 6(e)-(j). With TSA-BRAG worn by the 3D
printed hand model (Fig. 5b), everyday items were picked
up, including a plastic cup, a pen, a screwdriver, pliers, a
small nut, and a glass cup. The heaviest object picked up
was the pair of pliers (430 g), though the max grip strength
was likely much higher since the TSAs had shown to be
capable of lifting up to 2500 g, as shown in Fig. 4(b).

The third set of experiments demonstrated that the TSA-
BRAG device could assist motion to an able-bodied person’s
hand without the person activating their muscles, as shown
in Fig. 6(k)-(l). An electromyography (EMG) sensor attached
to the user showed that there was negligible signal changes
during finger motion aided by the TSA-BRAG device. There-
fore, no force was exerted by the muscles of the human
subject during the test. The TSA-BRAG further assisted
the wearer to grasp an empty can. This demonstrated the
ability of TSA-BRAG in cases such as object grasping, force
augmentation, and rehabilitation. The human study conducted
in this study was approved by the Institutional Review Board
at the University of Nevada, Reno.

V. DISCUSSION AND CONCLUSION

This paper presented the first comparative study on the
TSA and motor-spool configurations. This study showed
that TSAs could generate more than 5 times load output
than motor-spool configuration. Furthermore, this paper pre-
sented a new compact, high performance, soft glove that
was powered with TSAs. The proposed TSA-BRAG system
eliminated the rigid railing required for the non-rotating
ends. Preliminary experiments were presented to validate
TSA-BRAG’s assistive capabilities for ADL, like grasping
everyday objects. Preliminary findings confirmed that BRAG
performed well with motion generation and grasping tasks
with a passive robotic hand and an able-bodied human
wearer.

Limitations of this study and future directions for improve-
ments are discussed below:

• This study used ultra-high molecular weight polyethy-
lene strings for the TSA configurations. These strings
were rigid and inextensible. This could potentially de-
crease the compliance of the device. Furthermore, TSAs
were not back drivable, so any unwanted movement may
result in over contraction and the user unable to resist
the motion. In the next version of the TSA-BRAG, we
plan to use compliant strings like coiled nylon polymer
strings to improve device compliance [17], [22]. Our
recent study found that SCP strings-based TSAs were
compliant and enabled position self-sensing [35].
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Fig. 6. (a)-(d) demonstrate hand close sequence, first step on the left and progressing rightwards, demonstrating the independent control of each finger.
(e)-(j) Everyday object that were successfully picked using TSA-BRAG on a 3D printed robotic hand. (k) BRAG fitted onto an able-bodied user. (l) An
able-bodied wearer conducted grasping tests with assistance from the TSA-BRAG system.

• Embedding fishing lines into the glove potentially limits
the glove movement due to friction. The friction can be
non-trivial, especially in regions with high stitch count
and crossing over of rubber grips on the palm of the
glove. There is a need to investigate methods to reduce
friction. In addition, the effect of the symmetry of the
tendons around the fingers can be studied.

• Three different motors were considered in the per-
formance comparisons of the TSA and motor-spool
configurations. Similar experiments will be conducted
for other new types of motors. In our future studies,
we will also develop a dimensionless ratio that can help
quantify the expected performance of TSAs and motor-
spool configurations. Examples of normalization can be
the power required normalized with gear ratio. Other
important metrics, such as energy efficiency, will also
be studied and compared.

• The fingertip force is an important metric to quantify the
performance of assistive robotic gloves. In this study,
only the performance of the finger motion and grasping
were realized. A study on the fingertip forces will be
conducted, which will enable the analysis of the fingertip

forces useful for grasping and other tasks.
• The TSA-BRAG system employed a full-hand design,

while existing studies mostly used open-palm designs.
The thumb, index and middle finger should have individ-
ual motions, as these fingers work together to create the
greatest surface area manipulation [32], and are referred
to the dexterity/precision digits in other studies because
of the role they play in understanding objects in space
[33], [34]. A more in-depth analysis will be conducted to
study the impact of the glove has on sensations through
more human-studies.

• Lastly, the TSA-BRAG system was designed to be
compact, high performance, and compliant. One more
property that previous studies have shown to be critical
is comfort. In this study, a human test was conducted to
demonstrate that the TSA-BRAG could effectively work
with and assist/augment human subjects in grasping
tasks. In the future, more grasping testings will be
undertaken for healthy wearers and users with different
levels of muscular dystrophy conditions. The testing
may inform how comfortable the glove is and how to
further improve it for augmentation and rehabilitation.
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