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Abstract
Background  Compliant pneumatic actuators possess many characteristics that are desirable for wearable robotic 
systems. These actuators can be lightweight, integrated with clothing, and accommodate uncontrolled degrees of 
freedom. These attributes are especially desirable for hand exoskeletons, where the soft actuator can conform to 
the highly variable digit shape. In particular, locating the pneumatic actuator on the palmar side of the digit may 
have benefits for assisting finger extension and resisting unwanted finger flexion, but this configuration requires 
suppleness to allow digit flexion while retaining sufficient stiffness to assist extension.

Methods  To meet these needs, we designed an actuator consisting of a hollow chamber long enough to span the 
joints of each digit while sufficiently narrow not to inhibit finger adduction. We explored the geometrical design 
parameter space for this chamber in terms of shape, dimensions, and wall thickness. After fabricating an elastomer-
based prototype for each actuator design, we measured active extension force and passive resistance to bending for 
each chamber using a mechanical jig. We also created a finite element model for each chamber to enable estimation 
of the impact of chamber deformation, caused by joint rotation, on airflow through the chamber. Finally, we created a 
prototype hand exoskeleton with the chamber parameters yielding the best outcomes.

Results  A rectangular cross-sectional area was preferable to a semi-obround shape for the chamber; wall thickness 
also impacted performance. Extension joint torque reached 0.33 N-m at a low chamber pressure of 48.3 kPa. The finite 
element model confirmed that airflow for the rectangular chamber remained high despite deformation resulting 
from joint rotation. The hand exoskeleton created with the rectangular chambers enabled rapid movement, with a 
cycle time of 1.1 s for voluntary flexion followed by actuated extension.

Conclusions  The developed soft actuators are feasible for use in promoting finger extension from the palmar side 
of the hand. This placement utilizes pushing rather than pulling for digit extension, which is more comfortable and 
safer. The small chamber volumes allow rapid filling and evacuation to facilitate relatively high frequency finger 
movements.
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Background
Hand impairment is a common occurrence following 
injury to the central nervous system. Substantial hand 
motor deficits are likely to occur after stroke [1], the most 
common cause of major long-term disability in the U.S. 
and a primary cause of disability throughout the world 
[2, 3]. Hand deficits are also associated with cerebral 
palsy (CP) [4, 5], the most common movement disorder 
in children [6, 7]. Reduced motor control of the hand 
has ramifications for self-care, employment, and social 
interactions.

In these clinical populations, common therapeu-
tic practice for upper extremity rehabilitation involves 
repetitive practice of movement [8, 9] (e.g., constraint-
induced movement therapy [10–12] and HABIT [13, 
14]). Exoskeletons can facilitate this practice by providing 
assistance of desired movement [15, 16] and resistance 
of undesired movement. These devices typically employ 
rigid actuators, however, that may introduce consider-
able mass and inertia, potentially disturbing control and 
movement of the hand. Soft actuators have advantages 
in terms of weight, comfort, and conformation to differ-
ent shapes [17–20]. These actuators may be especially 
well suited to the hand, where space is limited, additional 
mass is costly, and there are many degrees of freedom.

Many individuals with hand impairment especially 
have difficulty independently moving their digits. Ther-
apeutic practice of finger individuation is needed and 
could be promoted by soft hand exoskeletons. Current 
soft actuator designs for the hand, however, are typically 
focused on pushing the digits into flexion from the dor-
sal side using a bellows-type approach [18, 21–23]. For 
stroke survivors or individuals with CP, finger extension 
is typically affected to a greater degree than digit flexion 
[24]. Involuntary coactivation of finger flexor muscles 
and muscle compartments leads to involuntary flexion of 
multiple fingers when trying to move only one digit [25]. 
Thus, active assistance of desired extension and resis-
tance of unwanted flexion may be preferable to assistance 
of flexion for facilitating task practice. For rehabilitation 
therapy, the degree of assistance/resistance would ideally 
be variable and customized to each digit. Additionally, 
directly driving the finger without the need for external 
transmission, such as linkages or cables required with 
some solutions such as McKibben actuators [26], would 
be beneficial in order to reduce bulk and the number of 
required components, while increasing comfort. Fur-
thermore, to facilitate therapeutic practice, the provided 
assistance should allow rapid, independent movement of 
the digits.

Given these target design criteria, we focused on pal-
mar placement of the actuators, which would directly 
push (rather than pull) the digits into extension. Pushing 
reduces compressive joint forces relative to pulling while 

avoiding rubbing over the joints as the finger flexes. Rigid 
finger actuators have been positioned on the palm in the 
past to provide finger extension, but their presence limits 
finger flexion and precludes grasping of objects [27]. Sim-
ilarly, stiffer pneumatic actuators such as PneuNets [28] 
could impose substantial resistance to desired flexion. 
Formerly, we developed polyurethane-based actuators 
that could assist digit extension from the palmar surface 
of the hand [29, 30]. When deflated, the actuators pro-
vided little added bulk or flexion resistance. The polyure-
thane actuators, however, are difficult to fabricate and are 
susceptible to kinking when bent, reducing airflow and 
the assistance provided.

The goal of this work was to design and test elastomer-
based pneumatic chambers that could directly aid finger 
extension and resist unwanted flexion for each digit inde-
pendently from the palmar side of the hand. To explore 
the design space, we evaluated a set of chambers with 
varying geometric characteristics: shape, size, and wall 
thickness. Each chamber was tested over a range of pres-
sures and bending angles. Finite element models (FEMs) 
were created to estimate airflow through the chamber, 
as the airflow, and thus assistance provided to the finger, 
can become compromised as the chamber is distorted 
during finger flexion. These actuators were then incorpo-
rated into a soft glove designed to facilitate therapeutic 
practice of hand movements, including object grasp-and-
release and rapid individuated movements of the digits. 
We hypothesized that a rectangular cross-sectional shape 
would yield higher extension force, higher flow rate, and 
lower passive bending resistance than a semi-obround 
shape, and that the extension force produced would 
increase with increased pressure and bending angle. A 
preliminary analysis of initial experimental results was 
presented in a conference paper [31].

Methods
Actuator design & fabrication
Pneumatic chambers were designed in SolidWorks 
(Dassault Systèmes, France) and manufactured using 
3D printed custom molds [31]. DS20 (Dragon Skin 
20, Smooth-On, Inc., US) was selected for the channel 
material based on its ability to resist pressure compared 
to other silicone rubbers [17] together with its excel-
lent compliance to imposed bending. Fourteen differ-
ent chambers were created, representing combinations 
of cross-sectional shape (semi-obround or rectangular), 
wall thickness, and actuator width and depth.

Rectangular and semi-obround cross-sections were 
selected based on successful application in other pneu-
matic actuators [32, 33] and on preliminary testing [31] 
that identified these shapes as capable of generating high 
extension force while offering limited resistance to bend-
ing. The semi-obround and rectangular chambers were 
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fabricated with the same cross-sectional widths and 
similar cross-sectional areas to facilitate direct compari-
son. The baseline dimensions for rectangular actuator 
wall thickness, width, and depth were: 1.3 mm, 9.6 mm, 
and 9.9  mm, respectively, while for the semi-obround 
shape, the baseline values were 1.3 mm for wall thickness, 
9.6 mm for channel width, and a channel depth consist-
ing of two components, d2 = 6.1 mm and r = 4.8 mm (see 
Fig.  1). Parameter values were scaled by 75% and 125% 
of these baseline values (Fig.  1b). For the semi-obround 
shape, the d2-term was scaled for different depths while 
the r-term was kept constant. Thus, seven variations were 
created for each shape.

Actuator extension force (normal to the long-axis of 
the chamber/finger) and passive bending resistance were 

measured using a fixture which mimicked articulation 
of a 7.6  cm-long finger about the metacarpophalangeal 
joint (Fig. 2). The tip of this fixture was placed in contact 
with a force/torque sensor (Mini40, ATI Industrial Auto-
mation, Inc., US) positioned perpendicular to the long 
axis of the fixture. Actuator pressure was computer-con-
trolled through a digital-to-analog converter (USB-3101, 
Measurement Computing, US) and an electropneu-
matic servo valve (Proportion Air, US). Actuators were 
tested at five bending angles (15°, 30°, 45°, 60°, and 75°). 
For extension force, actuators were tested at five pres-
sures with respect to atmospheric pressure (0, 6.9, 20.7, 
34.5, and 48.3 kPa). For the passive bending, the samples 
were tested at atmospheric pressure and with an applied 
vacuum.

Fig. 2  Actuator and Test Fixture. Semi-obround actuator in actuator test setup with load cell and jointed fixture. Joint angle range and pressure range 
indicated

 

Fig. 1  Actuator Design and Dimensions. A) Cross-sectional dimensions of the baseline rectangular and semi-obround actuators. B) Dimensional varia-
tions used to create seven different actuators for each cross-sectional shape
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Chamber simulation
To analyze airflow and chamber deformation of our 
actuators, we created an FEM of each actuator chamber 
within SolidWorks. Each chamber was represented by 
10,000 tetrahedral elements; the elements were modeled 
as linear, elastic, and isotropic. Simulations were exam-
ined to estimate channel deformation during flexion, as 
would occur during hand closing due to the intended pal-
mar placement of the actuator. Passive bending resistance 
was recorded for 15° and 30° of flexion (Fig. 3). These pas-
sive resistance values were compared to the experimen-
tal measurements taken with the actual specimens to 
examine validity of the model. Then, the minimum chan-
nel diameter and airflow rate for an imposed pressure of 
34.5 kPa were obtained from simulation for each cham-
ber across a range of flexion angles: 6°, 12°, 18°, 24°, 30°.

Hand Exoskeleton prototype
A soft, pneumatically actuated hand exoskeleton was 
then fabricated using five of the air chambers (one for 
each digit). Each chamber spanned the entire digit to 
provide extension assistance to all three joints (Fig.  4a). 
The chambers were placed inside Lycra sleeves which 
were attached to a golf glove (Fig. 4b). The glove allowed 
voluntary flexion (Fig.  4c) while actively assisting finger 
extension and resisting unwanted flexion. Operational 
bandwidth of the device was assessed by measuring force 
production delays and finger flexion/extension cycling 
time while a participant (one of the authors) wore the 
glove. Force generation delay was measured with the 
actuator at a 45° bending angle. With the wearer’s fingers 
remaining passive, the actuator was pressurized with a 
step increase for each of the following levels: 6.9, 20.7, 
34.5, and 48.3 kPa. We determined the rise time required 
for the force to reach 95% of the steady-state target value.

Lastly, we measured how rapidly digit flexion/exten-
sion cycles could be completed by an individual able to 
flex their fingers but with limited ability to extend them, 
such as might be the case for a stroke survivor. The user 
flexed a finger joint to an angle of 80°. This triggered pres-
surizing of the channel and thus extension of the finger. 
Once the finger was extended to an angle of less than 10°, 
the channel was allowed to depressurize and the user 
repeated the flexion/extension cycle.

Data analysis
Repeated measures ANOVAs were performed for both 
the empirically obtained data and simulation data using 
SPSS (IBM, Armonk, New York) to determine the effects 
of the between-sample actuator characteristics (shape, 
width, depth, and wall thickness) on extension force. For 
the extension force data, joint angle and actuator pres-
sure comprised the within-sample factors. Evidence of a 
significant effect led to post-hoc Tukey tests to examine 

Fig. 4  Hand Exoskeleton Prototype for Left Hand. A) Single elastomeric actuator (DS20). B) Five chambers inserted into Lycra sleeves attached to the 
palmar side of an athletic glove. Extended posture. C) Flexed hand. Chambers not pressurized for these images

 

Fig. 3  Finite Element Model (FEM) Simulation. Cross-section of an FEM of 
an actuation chamber after deflection. Post-deformation flow trajectories 
are visible
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differences among levels of the significant independent 
factor. This procedure was repeated for the dependent 
variable of the fingertip force resulting from passive resis-
tance to bending the actuator. To validate the simulation 
results, Pearson correlation coefficients were computed 
between the passive bending resistances and extension 
forces of the empirical and simulated data.

Results
Impact of wall thickness
The fourteen actuators, one for each set of parameters, 
were fabricated out of DragonSkin 20. After fabrica-
tion, uniformity of wall thickness was measured in three 
chambers with different nominal wall thicknesses with 
calipers. The actual wall thicknesses for the targeted 
values of 0.8  mm, 1.3  mm, and 1.8  mm for each cham-
ber were (mean ± standard deviation): 0.78 ± 0.05  mm, 
1.22 ± 0.06  mm, and 1.82 ± 0.04  mm, respectively. On 
average, the mean wall thickness was within 0.04  mm 
of the desired value and the standard deviation did not 
exceed 0.06 mm.

Active extension force
The actuators with a 0.8-mm wall thickness were unable 
to withstand pressures greater than 20.7  kPa, so these 
chambers were excluded from the extension force analy-
ses. Across the remaining actuators, shape significantly 
affected extension force (p = 0.04, ηp2 = 0.60), with greater 
extension forces produced with the rectangular cham-
ber shape (1.0 ± 0.98 N) than for the semi-obround shape 
(0.7 ± 0.74 N) across all parameters, pressures, and angles 
(Fig. 5). The effect of chamber depth approached signifi-
cance (p = 0.07, ηp2 = 0.65); the greatest depth generated 
0.50 N more force than the smallest depth. Neither thick-
ness nor width significantly impacted force.

The within-sample factors of pressure and force also 
significantly affected extension force (p = 0.04, ηp2 = 0.58; 

p < 0.01, ηp2 = 0.84, respectively). Extension force for 
a given chamber increased up to the testing limit of 
48.3  kPa (Fig.  6). Force also tended to increase with 
increasing joint angle, although excessive deformation 
occurred at the largest pressures and flexion angles for 
some specimens. For purely elastic deformation, a peak 
extension force of 3.6  N (generating 0.33  N-m of joint 
torque) was obtained for the rectangular shape with the 
1.8-mm wall thickness at 60° of flexion and 48.3  kPa of 
pressure.

Passive bending resistance
We examined the chamber resistance to imposed passive 
bending across all of the samples with the within-sample 
factor of flexion angle and the between-sample factors of 
shape, wall thickness, depth, and width. Resistance was 
measured for two pressures: atmospheric and vacuum. 
At atmospheric pressure, the between-sample effects of 
shape (p = 0.03, ηp2 = 0.60) and wall thickness (p = 0.03, 
ηp2 = 0.71) significantly impacted resistance. Passive 
bending resistance averaged 0.2  N for the rectangular 
chambers and 0.09  N for the semi-obround chambers 

Fig. 6  Generated Extension Force. Surface plot of extension force as func-
tion of bending angle and chamber pressure. Values are averaged across 
actuators. Color mapping is associated with actuator force – yellow: no 
extension force created by actuator; blue: actuator extension forces of 3 N

 

Fig. 5  Extension Force over Range of Pressures. The extension force created by different actuators at a joint rotation of 45° of flexion across a range of 
pressures. A) 7 permutations of actuators with semi-obround shape. B) 7 permutations of actuators with rectangular shape. Blue: different channel thick-
nesses; Green: different channel widths; Black: different channel depths. Dotted lines: smallest parameter value; Dashed lines: largest value; Solid red line: 
baseline (medium values). Missing data points arose from specimens exhibiting excessive deformation at those pressures
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across all conditions and was, on average, 0.21 N higher 
for actuators with 1.8-mm thick walls than for those 
actuators with 0.8-mm wall thickness. There was no sig-
nificant change in resistance due to actuator depth or 
width (p > 0.6). Resistance tended to increase with flexion 
angle, especially for the rectangular shape (Fig. 7).

Applying the vacuum reduced the passive bending 
resistance by an average of 0.15 ± 0.08 N. Under vacuum, 
the thickness, depth, and width of the chambers had sig-
nificant effects on the force needed to bend the chamber 
(p = 0.01, p = 0.02, p = 0.04; ηp2 = 0.86, ηp2 = 0.72, ηp2 = 0.64, 
respectively). Passive bending resistance was smaller for 
the actuators with 1.3-mm thick walls than for those with 
other wall thicknesses (p < 0.01), and for actuators with 
baseline depth as compared to those with the smallest 
depth (p = 0.02).

Finite element simulation of airflow through chamber
The FEMs were first validated for passive response to 
bending through comparison with experimental data. 
Simulations of passive bending were performed at 15° 
and 30° of flexion for all 14 actuator iterations. Across 
cross-sectional shape, wall thickness, and chamber depth, 
and width, the Pearson correlation analyses revealed sig-
nificant agreement between the empirical and simulation 
data (15°: R = 0.659, p = 0.001; 30°: R = 0.606, p = 0.022). We 
performed further simulations of active inflation at 15° of 
chamber flexion for 20.7 kPa of pressure for all 14 mod-
els. For this condition, the Pearson correlation between 
simulated and empirical extension forces was positive 
(R = 0.452) and approached significance (p = 0.105).

The ANOVA performed on simulation data from 
actuators across the range of simulated bending angles 
(0–30°) indicated that shape and depth had a significant 
effect (p = 0.043, ηp2 = 0.523; p = 0.001, ηp2 = 0.896, respec-
tively) on minimum cross-sectional diameter. The mini-
mum diameter was significantly greater, by an average of 
3.8 mm, for the largest actuator depth (125% of baseline) 

in comparison with the smallest depth (75% of baseline). 
The cross-sectional diameter tended to decrease with 
increasing flexion. On average, this distance was reduced 
by 4.4 mm as actuator bending increased from 0° to 30°.

The ANOVA examining the effects of chamber param-
eters from actuators across the range of simulated bend-
ing angles (0–30°) on simulated flowrate through the 
chamber revealed that depth and width significantly 
affected flowrate (p < 0.001, ηp2 ≥ 0.99). In general, deeper 
and wider actuators resulted in greater flowrates. The 
125% depth actuators had a flowrate 0.018  kg/s greater 
than the 75% depth actuators, an increase of more than 
50% (Fig.  8). The 125% width actuators had a flowrate 
0.008 kg/s greater than that of the 75% depth actuators. 
In contrast, shape and wall thickness did not have a sig-
nificant effect on flowrate (p > 0.05).

Fig. 8  Flowrate through Channels of Different Depths and Widths. Val-
ues averaged across the flexion angles tested (0°- 30°). Percentages are 
referenced to baseline depth and width values. Error bars represent one 
standard deviation

 

Fig. 7  Passive Bending Resistance over Range of Flexion Angles. A) 7 permutations of actuators with semi-obround shape. B) 7 permutations of actua-
tors with rectangular shape. Blue: different channel thicknesses; Green: different channel widths; Black: different channel depths. Dotted lines: smallest 
parameter value; Dashed lines: largest value; Solid red line: baseline (medium values)
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Hand Exoskeleton bandwidth
The baseline rectangular actuator (1.3-mm wall thick-
ness, width of 9.6 mm, and depth of 9.9 mm) was iden-
tified as having the best set of characteristics, with 
relatively high extension force and low passive bending 
resistance. Thinner walled actuators could not accom-
modate the required pressures, while thicker walled 
actuators had higher passive bending resistance. Wider 
or deeper actuators, while providing better flowrate, 
may have difficulty fitting on the hand. Thus, the soft 
hand exoskeleton was fabricated with these rectangular 
actuators.

The delay in force generation by the chamber on an 
external body was examined at a 45° bending angle. The 
rise time tended to decrease as chamber pressurization 
increased up to a certain pressure: 1.0, 0.7, 0.4, and 2.1 s 
for 6.9, 20.7, 34.5, and 48.3 kPa, respectively. At a pres-
sure of 48.3  kPa, the actuator began undergoing expan-
sion of the chamber, which slowed the generation of force 
such that the fastest force response occurred at 34.5 kPa 
(0.4 s). We used this pressure to determine that the glove 
could be used to complete a cycle of grasp and release 
(voluntary flexion followed by passive extension pro-
duced by the glove) in 1.1 s.

Discussion
We designed and fabricated soft actuators which pro-
vided substantial finger extension assistance at low infla-
tion pressures. The DS20 actuators created extension 
forces four times greater than our previous polyurethane 
actuator [29] and greater joint torque than PVC actua-
tors at half of the input pressure (reported torque of 
0.09 Nm at 96 kPa of pressure) [15]. This lower pressure 
requires less power and space for compressors, valves, 
and junctures.

Actuator extension force increased with bending angle 
until 45° of bending and remained relatively constant at 
greater flexion angles. Channel deformation began form-
ing beyond a bending angle of 30°, but airflow did not 
appear to be greatly restricted at any tested angle. The 
increasing extension force with greater finger flexion is 
a generally desirable trait for assisting finger extension. 
By design, the actuator produces limited pushing force 
against the finger when the finger is extended (low flex-
ion angle). The chamber can, however, provide consider-
able resistance to imposed flexion in that posture, which 
is beneficial for resisting the involuntary activation of the 
finger flexor muscles, which is common following stroke. 
For example, when training individuation in stroke survi-
vors or individuals with CP, it may be desirable to resist 
flexion of digits that are not instructed to move [29].

Of the parameters tested, actuator shape and wall 
thickness had the greatest effects on generated fin-
ger extension force. A rectangular cross-section led 

to greater force applied to the artificial finger than the 
semi-obround profile. Additionally, we saw a trend, albeit 
marginally insignificant, toward greater extension force 
creation with greater chamber depth.

To minimize passive resistance to finger flexion, we did 
not incorporate features such as torque-compensating 
layers or complex geometries, such as sinusoidal chan-
nels [17] or multiple segments [34]. These features could 
be included in future designs to provide greater extension 
assistance, although at the cost of resisting desired finger 
flexion in stroke survivors who may have profound flexor 
weakness [35].

For our designs, passive bending resistance of the 
chamber was low on average even at atmospheric pres-
sure (0.15  N). Although passive bending resistance was 
significantly greater for chambers with rectangular shape 
than for the semi-obround shape, the absolute increase 
was small. The largely elastic nature of the resistance sug-
gests that this impedance may help in extending the fin-
ger once the user relaxes the flexor muscles. To further 
decrease passive bending resistance, one could apply vac-
uum pressure, which reduced passive resistance overall. 
There was no effect of chamber shape on passive resis-
tance once the vacuum was introduced. Thus, these actu-
ators are sufficiently compliant to accommodate palmar 
placement so that the chamber can push rather than pull 
the digit into extension.

The prototype hand exoskeleton we created with these 
chambers is highly backdrivable (the entire glove can 
be rolled into a ball) and the components on the hand 
are very lightweight. They do not impede rotation or 
translation of the hand in space beyond the limitations 
imposed by the length of the pneumatic tubes connect-
ing the chambers to external servovalves. While palmar 
actuator location has been employed for a rigid exoskel-
eton [27], it is not the norm despite safety and comfort 
advantages, e.g., the chamber only applies force up to the 
neutral position for the digit (straight finger), thereby 
reducing risk of joint hyperextension. This is similar in 
concept to efforts to assist shoulder abduction and flex-
ion [36] or knee extension [37] through inflation of blad-
ders that push rather than pull the joint. Where rigid 
components on the palmar side of the hand might inter-
fere with practice of grasp of real objects, the compliant 
pneumatic chambers allow grasping of objects, as we 
have demonstrated with our prior pneumatic exoskeleton 
[38].

A primary concern with the palmar location of pneu-
matic channels is the restriction of airflow with finger 
bending. The FEMs revealed that, over the flexion angles 
simulated, the chamber designs did not experience sig-
nificant changes in flowrate, despite the apparent cham-
ber deformation due to the bending. This is likely due to 
the relatively large cross-sectional areas used for these 



Page 8 of 9McCall et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:146 

actuators, especially compared to past PVC actuators 
[15]. Of course, at greater flexion angles, flow restrictions 
may become apparent. As the finite element simulations 
became unstable at these larger flexion angles, airflow 
could not be quantified.

Overall, we observed the best response for a pneu-
matic chamber with a rectangular shape and our base-
line parameter values. We subsequently constructed a 
hand exoskeleton using a separate actuator for each digit. 
With this prototype hand exoskeleton, the user was able 
to complete a flexion/extension finger movement cycle in 
1.1  s, an improvement of more than 50% relative to the 
time needed to complete this cycle with the custom poly-
urethane actuator we have been using [39]. This rapid 
motion cycling permits efficient practice of independent 
finger movements, enabling potentially thousands of 
movements within a single therapy session.

This study does have several limitations that temper 
generalizability of the results. The parameter space for 
actuator characteristics was not fully explored, with some 
combinations of characteristics omitted, which may have 
limited understanding of interactions between multiple 
actuator characteristics such as width and depth. Only 
two chamber shapes were examined, although these do 
represent popular options that are easy to fabricate. We 
modeled DS20 as an elastic material in SolidWorks, but it 
can exhibit hyper-elasticity. For the strains we observed, 
the elastic model seemed sufficient, but hyper-elastic 
models may be needed in future simulations with greater 
strains.

The pneumatic actuators presented here hold promise 
for use in hand exoskeletons to assist desired digit exten-
sion and resist unwanted digit flexion. We were able to 
find an optimal configuration within the explored design 
parameter space, although other shapes and parameters 
may further improve performance. Designs typically rep-
resented a trade-off between the amount of extension 
assistance that could be provided and the level of passive 
resistance to imposed flexion. Different applications may 
weight these outcomes differently.

Conclusions
We examined the use of easily fabricated pneumatic 
chambers for assisting joint extension. After exploring 
the chamber parameter space through both simulation 
and experimentation, we selected an actuator design 
that was successfully incorporated into a prototype hand 
exoskeleton that enabled rapid finger movement for 
repetitive practice. The chambers are designed for loca-
tion on the palmar surface of the digit to provide digit 
extension force in a safe and comfortable manner. For 
use of the hand exoskeleton with real objects, vacuum 
pressure could be employed to further flatten the actua-
tors in order to decrease their profile and improve object 

interaction during grasp. In the future, cyclic loading 
should be performed to examine the impact of repetitive 
use on actuator properties, including material fatigue. 
With their extremely low passive bending resistance, 
relatively high extension force, and excellent ability to 
conform to body shape, these actuators hold promise for 
assisting rotation of the finger joints and potentially other 
joints as well.
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