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Regaining fine motor skills (FMSs; that is, the ability to make precise
and coordinated movements of fingers) is the ultimate goal of hand

rehabilitation. Although robotic-assisted technologies have been widely
explored to help patients with simple hand activities, existing rehabilitation
glovesstill lack sensory feedback for closed-loop control or involve bulky
external hardware, incapable of providing precise FMSs rehabilitation
portably. Here we develop a soft rehabilitation glove that can accomplish
diverse FMSs by integrating 15 bending sensors and 10 shape-memory-alloy
(SMA) actuators. Three joint angles of each finger can be precisely sensed
and thus are fed to the control system to actuate SMAs in a closed-loop
manner. A touchable human-machine interfaceis also integrated to provide
facile interaction for multi-modal rehabilitation exercises. Weighing only
0.49 kg, our soft glove has high portability, allowing for repetitive hand
rehabilitation as needed. We validate that our glove can assist anindividual
with hand impairments after a stroke to realize a set of single and complex
FMS rehabilitation exercises and to complete some activities of daily living.

Eachyear, there are over 7 million new patients with hand disabilities
worldwide after astroke'. Due to impaired neural pathways?, afflicted
patients lose the ability to make precise, voluntary and coordinated
movements of fingers—referred to as fine motor skills (FMSs). Neu-
roplasticity theory suggests that repetitive and consistent practices
of hand motion can rewire the neural pathways that modulate hand
functions® . Therefore, patients usually take intensive rehabilitation
training with professional therapists in the hospital”®. However, tra-
ditional rehabilitation therapy often involves high medical costs for
patients and heavy workloads for therapists’.

Toaddress thisissue, recent decades have seen substantial interest
indeveloping robotic-assisted technologies that help patients perform
rehabilitation training'®". Consisting of rigid structures (for example,
metallic rods), many existing rehabilitation devices (for example,
ExoK’ab exoskeleton'® and Haptic Knob end-effector”) are still bulky

and heavy, limiting rehabilitation training to only hospitals and pos-
sessing potential risks of injuring the finger®. As a result, soft hand
rehabilitation gloves are rapidly emerging owing to their lower weight
and safer human-machine interaction? . For example, hydraulic/
pneumatic®>*and motor-cable**®soft gloves that use soft tubes and
cables tobend fingers have been widely studied and commercialized.
Despite the reduced weight of the glove itself, external hardware (for
example, pump + tubes, motor + cables) is still required for actua-
tion*>>*, making the entire system heavier”’*? (Supplementary Table 1).

Recently, shape-memory-alloy (SMA, for example, TiNi alloy)
actuators represent a prominent candidate for creating a portable
glove system. The driving force originates from the heating-induced
transformation from the martensite phase to the austenite phase.
Due to their high power-to-weight ratio, large deforming capability,
relatively low driving voltage and noiseless actuation, SMAs have been
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extensively adopted as actuators in robotics fields**~". In particular,
several groups have reported potential applications of SMAs in hand
rehabilitation®>*, However, existing rehabilitation gloves are still fac-
ing the grand challenge of accomplishing FMSs with precision'***°,
The main reasons are twofold*. First, most gloves are not equipped
withsensors thatare directly mounted to impaired fingers to precisely
capture their deformation. For example, some commercial products
(forexample, Vrehab-M2 and Mirror Hand) use bending sensors only on
the healthy hand to detect the mirror motion for the training. Second,
they do not have closed-loop control of the finger during the bending
process, especially when coordinating multiple fingers to complete
complex FMSs (Supplementary Table 1).

Here we present asoft-packaged and portable rehabilitation glove
thatis capable of diverse FMSs with real-time sensory feedback and a
close-loop control system (Fig. 1aand Supplementary Video 1). Consist-
ing of two Hall sensors, one magnet and a thin wire connecting the joint,
three bending sensors are customized and deployed on each finger to
precisely detect three joint angles (Fig. 1b). The sensory feedback is
then processed by the control circuitboard to heat SMA actuatorsina
closed-loop manner. The soft fingerstall is biomimetically engineered
with wrinkle-like serpentine structures to enable large stretchability
overjoints and a dual-SMA actuating system s designed and optimized
with minimal backlash. A touchable control panel, together with an
integrated battery (0.15 kg), is directly mounted on the forearm to
provide facile human-machine interaction for multi-modal rehabili-
tation exercises (Fig. 1c). Our soft-packaged glove weighs only 0.49 kg
with high compactness, portability and low noise, giving rise to more
opportunities for repetitive rehabilitation in various environments
suchasinanofficeand a park (Fig.1d,e). We validate that our glove can
assist anindividual after a stroke with hand impairments to complete
both single-mode and switch-mode FMSs. Our soft glove also paves
the way for assisting the individual with daily tasks such as closing the
door, watering flowers and brushing teeth (Fig. 1e).

Results

General design and working principle

Our soft glove consists of three major modules: atouchable HMI panel,
acontrol and actuation system, and biomimetic fingerstalls with bend-
ing sensors (Fig. 2a,b). The human-machine interface (HMI) panel is
the portal for inputting the command of desired FMS rehabilitation
while displaying the actual status of the fingers in real time (Fig. 2c).
Alist of FMS rehabilitation exercises is pre-programmed and can be
readily accessed by clicking corresponding buttons on the HMI (Sup-
plementary Fig.1and Supplementary Video 2). Once the command of
desired FMS rehabilitation is received by the control system, it gener-
atesten-channel pulse-width-modulation (PWM) waves to actuate ten
SMA springs that control five fingers (Supplementary Fig. 2). By heat-
ing the SMA actuator with an integrated battery (12 V) to its austenite
phase finish temperature (A4, = 90 °C), the SMA spring contracts quickly,
yielding an averaged contacting force of 7 N (equivalent stress 34 MPa;
Supplementary Fig. 3). Inagrasping test, the maximum force exerted
by the fingertip is 14.3 N (Supplementary Video 3). The SMA shows
excellent mechanical stability in10,000 cycles of heating and cooling
at stress of 34 MPa (variation <2%; Supplementary Fig. 4). The energy
density and energy efficiency of the SMA is measured as 2,558 ] kg™
and 3.23% (1.11% for glove due to friction and so on), respectively (Sup-
plementary Fig. 5), which agree with typical values reported in the
literature™>®%. The contracting force is then transmitted to a finger via
a pair of cables: a bending cable and a flattening cable as highlighted
byredlines. Tobend the finger, the bending cable passes through two
straps (one forthethumb) andis attached to the fingertip on the bottom
side of the fingerstall. Similarly, the flattening cable is attached to the
fingertip through aset of small holes on the top side of the fingerstall.
Three customized bending sensors are mounted on the phalanges
(thatis, finger bones) to capture three joint angles (denoted as ¢,,, @,

and @,) at asampling rate of 200 Hz. The bending angle of the finger
(defined as @ = @, + @, + @) will be controlled in a closed-loop man-
ner to eventually achieve the desired value. A cooling system consists
of a fan and five pairs of motor switches (unit weight 2 g) builtin to
selectively cooladesignated SMAwhen the airway is open, while other
SMAs remain unaffected when the airway is closed (Supplementary
Fig. 6). When the fan is working, the measured noise is 55 dB, which is
lower than pneumatic pumps and motors (Supplementary Table 3 and
Supplementary Video 4). Note that the maximum temperature on the
cover of the working glove is 37.7 °C, which is safe forahuman to wear
on the arm (Supplementary Fig. 7). A hole is reserved at the fingertip
to provide the touch sensitivity of fingertip (Fig. 2b). The entire glove
only weighs 0.49 kg (battery ~0.15 kg) with alower cost than the exist-
ing commercial products (Supplementary Table 1).

Biomimetic design of fingerstall with joint angle sensing
capability

Human fingers, excluding the thumb, consist of three phalanges,
namely, the distal phalange, middle phalange and proximal phalange,
fromthetip totherootofthe finger. The bending behaviour of the fin-
gerisenabled by three joints, known as metacarpophalangeal (MCP),
proximalinterphalangeal (PIP) and distal interphalangeal (DIP) joints,
respectively (Fig. 3a). Upon bending, the wrinkled skin on top of each
jointis markedly stretched, allowing for three joint angles (¢,,, ¢,and
@qin Fig. 3a), respectively. A key component of the soft glove is the
fingerstall that wraps around the finger to transmit force and enable
movement. Toaccommodate the large bending behaviour while provid-
ing stable sensory feedback of joint angles, two principles are adopted
indesigning the fingerstall. First, the joint portions should have a high
stretchability comparable to wrinkled skin. Second, bending sensors
should be mounted at locations with minimal deformation to eliminate
movement artefacts. Here we adopt anindex finger as arepresentative
model to elucidate design principles. Notably, these design principles
arealsoapplicable to other fingers except that the thumb has different
bone structures (Supplementary Fig. 8).

The straindistribution of the skin on top of the index finger at the
deformed configurationis firstinvestigated (Fig. 3a). The flat finger is
the reference configuration where a far enough point O is selected to
bethe origin. A point of interest Qis characterized by the length L and
Swith respect to origin O in reference and deformed configurations,
respectively. After deformation, the strainat point Qs

ds —dL
€= ——

L @

where dL and dS represent the infinitesimal increment in the refer-
ence and deformed configurations, respectively. By setting dL =5 mm
in experimental measurements (see the red marker on the finger in
Fig. 3a), the strain € can be approximately discretized and calculated
according to equation (1). Figure 3b plots the strain distribution as a
function of reference position L when the finger bends to the utmost
(thatis, maximum ¢,,=70°,¢,=100°and ¢, = 60°). Theinsetin Fig. 3b
shows the length of MCP, PIP and DIP joints before and after bending.

Following the first design principle, we engineer the joint portions
ofthefingerstall to be serpentine structures that mimic the biological
wrinkle of the skin. As MCP and PIP have a similar reference length
(-15 mm) thatislarger than DIP (-10 mm), a serpentine with three peri-
ods is adopted for MCP and PIP joints, while the DIP joint is designed
withtwo periods (Fig. 3cand Supplementary Fig.9). The large stretch-
ability of three joints is validated by finite element analysis (FEA) in
Fig.3d where thelocal strainis shown. Although the entire serpentineis
largely stretched, local strains are quite small (blue regions) except for
the boundary of serpentine crests, manifesting the large stretchability
of the fingerstall to accommodate the finger’s bending. Complying
with the second design principle, three bending sensors are placed
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Fig.1| A soft-packaged and portable rehabilitation glove capable of closed-
loop FMSs. a, An overview showing that the soft glove assists an individual with
hand impairments to accomplish a set of desired FMSs with precise bending
angles of involved fingers. The highly packaged glove can be mounted on the
forearm of the individual with a touchable HMI for facile control of multi-modal
FMS rehabilitation. The bending angle of the finger is denoted as ¢. b, Schematic
illustration of the biomimetic design of the dual-SMA actuating system and
fingerstall structures with sensing capability. One SMA is heated to contract
while the other remainsina cooled state. The wrinkle-like serpentine structure

enables alarge stretchability of the fingerstall over joints. Three joint angles
areaccurately sensed by three customized bending sensors. ¢, Picture of the
soft-packaged and portable rehabilitation glove mounted on a human forearm.
d, Comparison of the controllability and weight between various rehabilitation
gloves. Our soft glove has closed-loop control of impaired fingers’ motion and
lower weight (0.49 kg). e, Exemplary images of FMS rehabilitation in different
environments (home, office, park) and daily assistance tasks (closing the door,
watering flowers, brushing teeth) for an individual after a stroke with hand
impairments.

atthe phalangeal areas that have small strains (Fig. 3c). Each bending
sensor consists of two Hall sensors, one magnet and an encapsulating
guideway that allows the magnet to translate freely between two Hall
sensors (Supplementary Fig.10). To detect the joint angle, a thin wire

isused to connect the magnet with the rightmost serpentine viaatiny
hole. Whenthejointbends, the serpentine structure stretches, and the
thinwire pulls the magnet, changing the output voltage of Hall sensors.
Note that the thin wire is made of TiNi alloy (diameter 0.38 mm) that
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Fig. 2| General design and working principle of the soft glove. a, An exploded
view of the soft glove. By selectively heating (via the battery) the SMA spring
actuators, the bending cable and flattening cable pulls the finger to bend and
flatten, respectively. A circuit board and HMI panel are integrated for facile
control and interaction. Five pairs of motor switches are used to selectively cool
designated SMAs. b, The back view of the hand portion of the soft glove. The
bending cables pass through the small holes of the strap(s) and are attached

to the fingertip. A hole is reserved at the fingertip for touch sensitivity. c, The
working principle of the soft glove in which the command of desired FMS
rehabilitation is given to the HMI, processed by the control circuit and executed
by the SMA spring actuators to deform the target fingers. The actual bending
angle of the finger (denoted as @) is measured by three bending sensors and is
then fed to the circuit board for closed-loop control, while they are displayed on
the HMI panel in real time.

can sustain a certain compressive force and the surrounding serpen-
tine structures also prevent buckling instability when compressed
(Supplementary Fig. 10c). Therefore, it can readily push the magnet
backwards when the joint flattens (Supplementary Video 5), allowing
for the detection of the joint angle in reverse motions.

To quantify the relationship between the output voltage and the
three joint angles, we build an image-based calibration system that
measures three joint angles by processing the image of the deformed
finger. Wefirst test this calibration system on afinger phantom (Supple-
mentary Fig.11a). Notably, the bending sensors have good repeatability
after 50 cycles of tests. For the application on ahuman finger, 50 cycles
oftestsare adopted to calculate the averaged output voltage in calibra-
tion. Results for theindex finger are presented in Fig. 3e (normalized by
the maximum output voltage) and Supplementary Fig. 11d (absolute
outputvoltage). Therefore, three joint angles can be precisely sensed
during the bending process of the finger.

Dual-SMA actuators with minimized backlash

As depicted in Supplementary Fig. 12, a healthy finger is controlled
by coordinating a pair of muscles: flexor and extensor. When only the
flexor contracts, the finger bends; when only the extensor contracts,
the finger flattens. If both muscles exert forces, the finger undergoes
abnormal movements. Inspired by this muscle control mechanism, a
similar dual-SMA actuating systemis designed in which when one SMA
isheated to contract, the other remains cooled. To double the actuating

force, two force wires (denoted asbluelinesin Fig. 4a) are used to con-
nectthe SMA and the bending/flattening cable. By connecting two SMA
actuators with a connecting wire (illustrated by the green line), the
counterforce of the extended cooled SMA is further cancelled, lead-
ing the finger to be solely controlled by the heated SMA. For example,
when SMA 2is heated, the bending cable pulls the finger while force
wirelremainsloose (relaxed), and vice versa. If there is no connecting
wire, the cooled SMA still exerts a counterforce when extended (maxi-
mum value -2.5 N; see mechanical characterization in Supplementary
Fig.3), causing ajammed finger (Supplementary Fig.12).

The loose force wire, on the one hand, cancels the transmission
of counterforce from the cooled SMA to the finger, allowing the finger
to be controlled solely by one cable at one time. On the other hand,
itinterrupts the transmission of contracting force when the cooled
SMA is heated thereafter, delaying the execution of reverse motion.
This negative effectis referred to as backlash. Note that force wire 2 is
intentionally designed as straight yet tensionless when the finger is flat
so that backlash does not occur on force wire 2 when the finger bends
from the flat state. Therefore, the backlash only accumulates in force
wire 1during bending, which can be quantified as

Ab = As — 2Aw (2)

where As and Aw denote the displacement of SMA 1and flattening
cable, respectively (Fig. 4a). For an ideal design without backlash,
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Fig.3|Biomimetic design of fingerstall with joint angle sensing capability.
a, Thereference and deformed configuration of the index finger. The skin
over joints is highly stretched, which allows for the large joint angles that are
denoted as ¢, ¢, and ¢, for the MCP, PIP and DIP joints, respectively. b, The
strain distribution of the skin on the index finger when it bends to the utmost
configuration where maximum ¢, =70°, ¢, =100° and ¢, = 60°. The inset shows

the length of three joints in reference and deformed configurations. ¢, Cross-
section view and zoomed-out top view (bottom left) of the fingerstall. The joint
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portions of the fingerstall are engineered with wrinkle-like serpentine structures
with high stretchability. Three bending sensors, consisting of two Hall sensors
and one magnet encapsulated in the guideway, are placed at the phalangeal areas
that have small strains. The a-a denotes the middle-plane cut view. d, FEA results
oflocal strain distribution in three serpentine structures at the maximum joint
angle. e, The normalized output voltage of bending sensors as a function of the
correspondingjoint angle.

thatis, As =2Aw, force wire 1 remains straight yet tensionless dur-
ing the bending process (Fig. 4b). Thereafter, when the bent finger
begins to flatten, the contracting force by heated SMA1canimmedi-
ately transmit to the flattening cable. With abacklash, SMA 1 needs
to contractabit until the loose force wire 1 becomes straight. Figure
4b depicts five representative states toillustrate backlashinacycle
of bending and flattening. Initially, the finger is flat and two SMAs
are cooled. Two force wires are straight without tension (state I).
By heating SMA 2, SMA 2 contracts and SMA 1 extends. Force wire
2 istight and force wire 1 becomes loose (state II). The backlash
reaches the maximum value Ab™ when the finger has the largest
bending angle ¢ = 230° (statell). Thereafter, by cooling SMA 2 and
heating SMA 1, SMA 1 contracts and SMA 2 extends and both force
wires become loose (backlash state IV). By further heating SMA 1,
the force wire 1 wire becomes straight (state V), pulling the finger
back to the flat state (statel).

Thebacklash, though undesired, can be minimized by optimizing
the location of two fingerstall straps. The distance between the strap
andadjacentfingerjointisdenotedas L and L, respectively (Fig. 4c).
The kinematic modelling of the fingerstall is provided in Supplemen-
tary Text and Supplementary Fig. 13. By analysing the maximum bend-
ing configuration (¢ =230°), we present normalized backlash Ab™/
As™asafunctionofL,andL,inFig.4c.ItisfoundthatreducingL,,and
L, minimizes the backlash. However, for successful hand rehabilita-
tion, the bending torque applied on the joint should be larger than a

threshold, that s, 7,,>20 N cm and 7., > 15 N cm according to ref. 59.
Therefore, L,,=4.7mmand L, =5.3 mm is adopted and the minimum
Ab™/As™=9.8%is achieved. Considering that the maximum extension
of SMA1is As™ =80 mm, the minimized backlash Ab™ = 7.8 mm is small
enough. Itisworth noting that the backlash only delays the execution of
reverse motion while the accuracy of the bending finger is guaranteed
by the closed-loop control system.

Closed-loop control of bending angle

Figure 4d shows the algorithm of the closed-loop control. Enabled by
three bending sensors, three joint angles can be precisely detected at
asampling rate of 200 Hz. Hence, the difference between the desired
and actual bending angle (denoted as Ag) can be calculated in real
time. If Ag is larger than the tolerance of 2°, a proportional-integral
controller with feed-forward compensation is used to automatically
adjust the duty ratio of SMA actuators. A detailed control algorithmis
provided in Methods and Supplementary Text. Before application on
human hands, we first test the dual-SMA actuating system on a finger
phantom using the image-based calibration system (Supplementary
Fig. 11). Take the maximum bending angle ¢ = 230° as a representa-
tive example. Figure 4e shows the bending angle ¢ and duty ratio as
afunction of time ¢. A desired step response (dashed line) is put into
the control system at t=5s and terminates at t =15 s. First, SMA 2 is
actuated witha100% duty ratio, thatis, heated at12 Vvoltage (statel),
andtheactuationresponsetime ¢, = 0.7 sisobserved before the finger’s

Nature Machine Intelligence | Volume 5 | October October | 1149-1160

1153


http://www.nature.com/natmachintell

Article

https://doi.org/10.1038/s42256-023-00728-z

a b . I
by SMtA1t) Force wire 1 (straight, F > 0) f . Ideal design /'\/-1| |
, (contrac P gnt, Flattening cable < I (8s = 20w) \ ,45° I
\ I g | I
| ' k/—L/Ab"‘—u I
I I o o | 1 I
I I I
SMA 2 g : . - ; S 2 !
: (extend) Force wire 2 (straight, F = 0) Bending cable : : g : :
I ) ) I Il : I
| Loose, F=0 Bending Flattening Il I
| Extend - 1 acklash Ab = As - 2Aw | I
I I I Max Ab: Ab™ | :
I I Cm | I
‘ T [ Max As: As L |
I I A As I
| Contract - straight, F> 0 N ’ :
I L1z Initial state IL1II: Bending I
I Il I I
I I I
I I I
. MWW Cooled SMA ~_ Connecting wire N |
: Heated SMA  Strap ( Torque : : :
I I I
c d

Maximum ¢ =230°, As™ = 80 mm

-rm>20Ncm,rp>15Ncm

SMA 1 cooling
SMA 2 cooling

t
K.e+K Ap(t)+K, jo Ag(r)dt
|_'_l L : ] L r ]

Feed

TS Proportional Integral

SMA 1 cooling

SMA 2 cooling

40
tm<20Ncm,tp<15Ncm

g 30

3

3 20

2

3

3 0

Optimal
0 (4.7,5.3,9.8)
% 40
L 20 4o 5 5 o 20 30
m (mm) L, (mm)

e Heating  Cooling Heating Cooling
240 SMA 2 SMA 2 SMA1 SMA1
180 . ‘“ - T Desired

~ 154 ' | — Actual

35 120 | ‘ o

60 L I Backlash 1/
| decrease ! |
O T L 1 9-

& 100 = SMA1

o 75t = SMA 2

® L

S 507 t,=07s ty=4.65

Z 25l — —

s 4 ‘

0 5 76 10 15 16.2 20 25
Time t (s)

Fig. 4| Design of dual-SMA actuators with closed-loop controllability.

a, Schematic model of the dual-SMA actuating system in which one SMA is
heated to contract while the other SMA remains cooled. Two SMAs are connected
viaaconnecting wire that allows the finger to be solely controlled by the cable
ononeside (thatis, the force transmission on the other side is cancelled by the
loose force wire). The tension in the force wire is denoted as F. b, Schematic
illustration of backlash during a cycle of bending and flattening. The force wire 1
becomesloose in the bending process, whichyields a delay of execution in

the flattening process. ¢, Normalized backlash as a function of strap locations
(quantified by the distance to the MCP joint L,,and PIP joint L, in a. The optimal

locations are determined by minimizing backlash while satisfying torque applied
to MCP and PIP joints larger than the threshold. d, Flow chart of the closed-loop
control of dual-SMA actuators. Closed-loop control is realized by a proportional-
integral (PI) controller with feed-forward compensation that processes the
difference between desired and actual ¢ at asampling rate of 200 Hz. K, K,,, K;
are feedforward gain, proportional gain and integral gain, respectively. e, The
bending angle ¢ and duty ratio of SMA actuators as a function of time t when a
desired step response is given. The actuation and deactivation response time are
t,=0.7sand t;=4.6 s, respectively.

motion. After 2.6 s, the bending angle reaches ¢ = 154° (stateIl) and then
the proportional-integral controller gradually reduces the duty ratio
of SMA2 (thatis, decreasing the voltage) until the objective ¢ =230°is
achieved (statelll). Then the fanis activated to fully cool SMA 2 below A;
after4.6 s (thatis, deactivationtime t;=4.6 s).Att=15s,SMAlis heated
to contract. The backlash decreases to zerowithin1.2 s (state V) and the
detected ¢ begins to drop. Later, the duty ratio of SMA 1is gradually
reduced until ¢ reaches zero. Further cooling SMA 1 eliminates the
contracting force of SMA1and recovers its initial state (state I). We
also validate the closed-loop control by setting the desired objective

asincremental step response, linear response and cosine response in
Supplementary Fig. 14.

Individual after a stroke validation

Human hands can perform several single FMSs (Fig. 5a) and continu-
ous switches between them for complex tasks (Fig. 5b). According
torefs. 60-63, up to 90% of finger activities involve following six
single FMSs: thumb opposition, tip pinch, tripod pinch, cylindrical
pinch, lateral pinch and fist (Fig. 5a). We first calibrate the bending
angles of involved fingers in these six single FMSs. Figure 5b shows a
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Fig. 5| FMS rehabilitation on anindividual after a stroke with animpaired
hand. a, Illustration of six single-mode FMSs: thumb opposition, tip pinch, tripod
pinch, cylindrical pinch, lateral pinch and fist. Bending angles of the involved
fingers are provided near the gesture with arrows denoting the motion direction.
b, Representative switch-mode FMS: tip pinch to lateral to tip pinch and the
corresponding control scheme for five fingers. c-h, Comparison between
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desired and actual bending angles in six single-mode FMS rehabilitations: thumb
opposition (c), tip pinch (d), tripod pinch (e), cylindrical pinch (f), lateral pinch
(g) and fist (h). i, Representative switch-mode FMS rehabilitation from tip pinch
to lateral pinch to tip pinch. The solid curves represent the actual bending angle
of theinvolved fingers and the dashed brown curves show the corresponding
desired bending angles.

Nature Machine Intelligence | Volume 5 | October October | 1149-1160

155


http://www.nature.com/natmachintell

Article

https://doi.org/10.1038/s42256-023-00728-z

representative switch-mode FMS: tip pinch to lateral pitch to tip pitch.
Thenumbers1to4represent the motionsequence with arrows denot-
ing the motion direction. A key aspect of the switching processis that
thebent finger switches at anintermediate state rather thanwhenthe
finger fully flattens. For example, in tip pinch to lateral pinch (Fig. 5b),
theindex and thumb fingers firstbend to 130° and 40° at ¢ = ¢, while the
other three fingers remain flat. After a holding time A¢,, the index and
thumb finger gradually flatten to 90° and 20°, respectively. Meanwhile,
the other three fingers bend to 90° at anintermediate time denoted as
t=t. Thereafter, five fingers bend together and 40° is reached again
by the thumb while 170° is achieved by the other fingers at t = ¢,. Fur-
ther switching activities can be performed after a holding time At, as
illustrated by the dashed ending.

Wefirst validate our soft glove onanindividual with anormal hand.
During the test, two myoelectric sensors are placed on the forearm to
guarantee that the individual does not actively apply force to the finger,
leaving the finger solely controlled by the soft glove. By selecting the
single-mode module on the HMI panel, the individual can precisely
finish the six single-mode FMSs (Supplementary Fig. 15 and Supple-
mentary Video 6). Similarly, different switch-mode FMSs can also be
accurately completed (Supplementary Fig. 16 and Supplementary
Video 7). We then recruit an individual after a stroke (male, age 51) for
validation. Theindividual had anischaemic stroke (smallischaemic foci
in bilateral frontal lobes) and now experiences impaired functions on
the right hand. Specifically, his fingers are still a bit flaccid with some
spasticity, thatis, weak muscles are becoming stiff. His fingers can move
with asmall degree of freedom, but itis still hard for him to coordinate
multiple fingers. This stage was characterized as Brunnstrom Stage Ilin
the hospital. FMSrehabilitation at this stage plays animportantrolein
reconstructing the correctand coordinated neural pathways®*. To help
him perform FMS rehabilitation, we first customize and fabricate a soft
glove that fits hisimpaired hand. Rehabilitation outcomes are presented
inFig.5c-iand Supplementary Fig.17 inwhich the solid curves represent
the actual bending angles of involved fingers and dashed brown curves
arethe corresponding desired bending angles. Acomparison between
single-mode and switch-mode FMS with and without the rehabilitation
gloveis providedin Supplementary Videos 8 and 9, respectively. Clearly,
theactualbending angles agree well with the desired angles with small
deviations. Such small deviations are due to the abnormal and uncon-
trollable muscle reactions from theindividual after astroke during the
rehabilitation exercises. But deviations are usually eliminated within
2 s by the control system, that is, the disturbance from the individual
canbeautomatically corrected by the closed-loop controllability. The
transitions from one single mode to another are smooth and continu-
ous. By adjusting the bending rate for different fingers, involved fingers
can reach the desired bending angle simultaneously, suggesting the
precise control and coordination of FMS rehabilitation.

Enabled by the light weight and high portability, our soft glove
can provide highly repetitive and consistent FMS rehabilitation in
various environments (Fig. 6a). For example, aside from the home,
the individual can also do the rehabilitation while hanging out in the
park. The soft glove not only provides rehabilitation to restore FMSs
but also helps the individual with some activities of daily living (Sup-
plementary Video 10). For example, Fig. 6b shows some representative
daily activities that only require a single-mode FMS: dialling a phone
(thumb opposition), combing (cylindrical pinch), brushing teeth (fist)
and inserting a card (lateral pinch). Furthermore, the switch-mode
FMS also assists the individual to finish some complex daily tasks.
Figure 6¢ shows the image sequences in which the individual tears
a snack wrapper and then holds it to eat. The required FMSs are tip
pinch to cylindrical pinch. Figure 6d shows that the individual fills a
cup with water and takes pills. The required FMSs are from the fist to
the tip pinch. Figure 6e presents that the individual first picks the pen,
presses the pen button and writes. The involved FMSs are tip pinch to
lateral pinch to tripod pinch.

Discussion

Recovering FMSs in hand rehabilitation hasbeenalong-standing chal-
lenge due to the lack of sensing of finger movement and a closed-loop
control algorithmin existing rehabilitation gloves. Here we have engi-
neered a soft-packaged rehabilitation glove with tight integration of
sensing, actuation, HMI, power, electronics and a closed-loop algo-
rithm. Thisrehabilitation glove allows patients after a stroke to recover
the FMSs of the fingersina portable manner. Note that our soft glove is
stillin development, and the following aspects should be considered
before itis used in applications. First, our soft glove is more suitable
for patients with muscle weakness or low rigidity (that is, patients dur-
ing Brunnstrom Stages I and II). For these patients, the soft glove can
assist themto finish FMS rehabilitation with high precision, facilitating
thereconstructionofthe correct neural pathway. Onthe contrary, for
patients with high muscle rigidity (hypertonia), the driving force by
heated SMA may not be sufficient to deform their ‘frozen’ fingers. In
this regard, we suggest a complete evaluation of the muscle strength
and performance of patients before using the soft glove. Second, there
are no comprehensive data to validate the long-lasting rehabilitation
outcome of our soft glove. During the COVID-19 pandemic, most hospi-
talsin Chinahad limited capacity and we had limited access to patients
after a stroke who may test our soft glove. Statistical analysis on more
participants with control groups canbe carried outinthe future. Third,
theactiveinvolvement of patientsin executing rehabilitation exercises
hasacritical rolein empowering cortical reorganization after a stroke.
We are committed to developing a next-generation soft glove that has
more active involvement of patients.

Methods

Fabrication of soft glove

Three-dimensional (3D) computer-aided design models of fingerstalls
and soft palm are first built according to the hand size of the wearer
of interest. Then, they are fabricated by a moulding process (Wenext
Company). The soft material used is a polyurethane (8400)-based
rubber that holds high elasticity and softness within temperatures
ranging from —10 °C to 80 °C. The Shore hardness of the fingerstalls
and the palm is 40 HA and 60 HA, respectively. The SMA actuators
are fixed to the arm fixation by riveting. The arm fixation, the wrist
fixation, the bottom plate and the upper cover plate are fabricated
by 3D printing. The fan is attached to the upper cover plate and its
maximum power is 17.4 W. Five motors are assembled on the upper
covertoselectively control the airway switches. The cable sheaths are
Teflon tubes with an outer diameter of 2.8 mm and aninner diameter of
1.8 mm. Ultrahigh-molecular-weight polyethylene fibre compositeline
(KaDiLai Company) is used for connecting wire, force wire and bending/
flattening cables. The diameter of the composite line is 0.14 mm and
the ultimate tensile strengthis 76 N.

Mechanical characterization of SMA actuators

SMA actuators are TiNi-alloy springs (flexinol wire, Dynalloy). The
diameter of the thin wire is 0.51 mm and the density is 6.45 g cm ™. The
outer diameter of the spring is 3.45 mm. The austenite phase finish tem-
peratureis 90 °C. Each SMA actuator has 50 coils and is pre-stretched
to 100 mm as the initial length. Four steps are used to characterize its
mechanical responseinthe closed temperature chamber of an electro-
mechanical universal testing machine (Wance Company; maximum
load 50 N). Step one: the SMA spring was stretched from 100 mm to
180 mmwith aloading rate of 100 mm min™ at aroom temperature of
25°C. Step two: the length of the SMA spring was fixed at 180 mm, and
the temperature was increased from 25 °C to 90 °C. The total heating
time is 1 h, during which the force is recorded at an interval of 2.5 °C.
Step three: fixing the chamber temperature at 90 °C, the length of the
SMA spring was gradually reduced to 100 mm with a loading rate of
100 mm min™. Step four: fixing the length of 100 mm, the temperature
of the chamber was gradually cooled from 90 °C to 25 °C. The total
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FMS rehabilitation in various environments

~_{

Fig. 6 | FMS rehabilitation and daily assistance for an individual after a
stroke. a, Our soft glove can provide repetitive and consistent FMS rehabilitation
invarious environments such asat home, ina park, in an office and in alibrary.

b, Representative daily activities assisted by our soft glove: dialling a phone
(thumb opposition), combing (cylindrical pinch), brushing teeth (fist) and

inserting a card (lateral pinch). ¢, Image sequences of opening asnack and
holdingit to eat. Required FMSs are tip pinch to cylindrical pinch. d, Image
sequences of filling a cup with water and taking pills. Required FMSs are fist to tip
pinch. e, Image sequences of picking up a pen, pressing the button and writing
the USTClogo. Required FMSs are tip pinch to lateral pinch to tripod pinch.

cooling processtook1h, during which the forceis measured atintervals
of 2.5 °C. Repeatability tests are performed by heating and cooling the
SMA with different contraction ratios (SMA length varies between10 cm
and 18 cm) with aload of 7 N (equivalent stress 34 MPa). The length of
the SMA is recorded by a displacement sensor in 10,000 cycles. Meas-
urements of energy density and energy efficiency are performed by
recordingtheinputelectricenergy and thework donetolifta7 Nload.

Image-based calibration system

Foursets of LED lights were placed on the metacarpal areaand the three
phalangeal areas of the finger. The joint angles of MCP, PIP and DIP can
be determined by the angle between two adjacent sets of LED lights.
A camera (Mars2000-50gc, Hangzhou Weitu Vision Technology) was
used to capture the bent finger with a frame rate of 20 Hz. The image
was then analysed by using the MATLAB image processing toolbox.
The finger phantom is fabricated by hinging 3D-printed phalanges
(photopolymer resin white (FLGPWHO4), Formlabs) and a thin layer
of cover (EcoFlex, Smooth-On).

Bending sensors

The 30 Hall sensors (model A1302) used in15bending sensors are made
by Allegro MicroSystems. The sensitivity of the Hallsensorsis 1.3 mV G ™.
The N35 magnet has a dimension of 3.5 mm x 3.5 mm x 1.3 mm.

Sampling and control

Theheart of the sampling and control is four 16-bit analogue-to-digital
converters (model AD7606 from Analog Devices) with 8 channels
and conversion rates up to 200 kSPS and a 32-bit microcontroller
unit (MCU) model STM32 (STMicroelectronics). The output volt-
age is sampled at a rate of 200 Hz and then transmitted from the
analogue-to-digital converter to the MCU through the serial peripheral
interface (SPI) communication protocol and filtered in the MCU. The
actual bending of the finger is then calculated according to the cali-
bration results. A proportional-integral controller with feed-forward
compensation then processes the difference between the actual and
desired bending angles and transmits the control parameters to the
driver circuit. Note that overheat protection is designed during data
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transmission. If the control signal is transmitted continuously but
the actual bending angle remains unchanged within 5 s, the systemis
automatically powered off.

Human-machineinterface

A 4.3-inchtouchable screen (Taojingchi Company) is used for display
and interaction. Four functions are programmed into the HMI—(1)
basic module of controlling each finger; (2) single-mode FMSs; (3)
switch-mode of FMS; (4) daily assistance—and displayed in three layers.
Thebentstates of all fingers canbe set by typing on the firstlayer. Then,
we can touch the button ‘FMS list’ to enter the second layer to select
asingle-mode FMS rehabilitation. Further, the third layer is accessed
through the touchable button ‘Switch modes’. On the third page, we
canselect ‘Single mode’ to enter abox named ‘Switch sequence’, then
the button ‘Rehabilitation’ is pressed, and we can achieve the switch
modes of FMS rehabilitation. When the button ‘Daily assistance’ is
pressed, the soft glove can assist us with completing activities of daily
living. Three preset buttons assist the individual to eat cookies, take
pills and write (Supplementary Video 10).

Power management

A lithium battery with a capacity of 2,000 mAh and a size of
24 mm x 31 mm x 73 mmis adopted as the power. The voltageis 12 V
and the dischargerateis 20 C. Due to the different voltages required
by each module, the step-down chip (model TPS54302DDCR, Texas
Instruments) is used to obtain a voltage of 5V to power the Hall sen-
sors and PCA9685, and then a voltage of 3.3 V is converted by low
dropout voltage regulator model AMS1117 (Slkor Company) to power
the MCU.

Driver circuit and actuator

The control parameters from the MCU are received by a 12-bit
PWM wave generator (PCA9685, NXP Semiconductors) through
an inter-integrated circuit (I12C) bus. Then ten-channel PWM waves
are amplified in the drive circuit to drive the SMA actuators. The
high-current circuit and the control circuit are isolated by an optical
couplertoavoidinterference between them.

Finite element analysis

FEAis performed by using the commercial package Abaqus Standard
2019. The serpentine structures are modelled as atwo-dimensional
shell with plane strain conditions. The finger joints are assumed to
berigid arcs with different radii and angles (labelled in Fig. 2d). The
leftboundary of the serpentine structure is clamped while the right
boundary is stretched by a force until the rigid arc is fully covered
by the serpentine structure. The interaction between the serpentine
structure and the rigid arc is frictionless without penetration.

Humanresearch participants and ethics

The recruited individual after a stroke is a 51-year-old Chinese male
and consented to all the experiments and identifiable images in this
work with reasonable compensations. Rehabilitation exercises on
the individual were conducted by protocols approved by the Ethical
Committee of The First Affiliated Hospital of University of Science and
Technology of China (number 2022KY276).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the main data supporting the findings
of this study are available within the article and its Supplemen-
tary Information files. Other data, if needed, can be available upon
request.

Code availability
Alltherelevant codes are available at https://github.com/weibayang/
rehabilitation_glove (ref. 65).
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