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Abstract: In this paper, we present the design, manufacturing and characterization of a soft textile-8 
based clutch (TBC) that switches between locking and unlocking of its linear displacement by 9 
exploiting vacuum stimulation. The applied vacuum locks the relative sliding motion between two 10 
elaborated textile webbings covered by an elastic silicone rubber bag. Based on different fabrication 11 
techniques, such as silicone casting on textile, melt embossing for direct fabrication of miniature 12 
patterns on textile and sewing, we developed three groups of TBC samples based on friction and 13 
interlocking principles and we compared their performance in blocking configuration. The clutch 14 
with interlocking mechanism presented the highest withstanding force (150 N) respect to the one 15 
(54 N) recorded for the friction-based clutch. The simple and compact structure of the proposed 16 
clutch, together with the intrinsic adaptability of fabric with other clothing and soft materials, make 17 
it a proper solution for applications in soft wearable robotics and generally as locking and variable 18 
stiffness solution for soft robotic applications. 19 

 20 
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1. Introduction 24 
Clutches are locking devices widely used in robotic systems. They switch between allowing and 25 

preventing relative motion of two parts mainly for energy management, reconfiguration, and safety 26 
reasons. In addition to conventional use of clutches for engaging and disengaging the driven 27 
components from the driving source , they are also used to lock and unlock robot motions and 28 
provide the capability of reconfiguration  [1]. For example, in modular and reconfigurable robots, 29 
the use of clutches reduces the number of actuators and consequently results lighter weight modules 30 
[2,3]. Similarly, in underactuated systems, the use of clutches permits achieving high degrees of 31 
configurability with low number of actuators [4]. Moreover, the approach of using clutches as an 32 
essential component for decoupling from actuators and impedance control permits robots with rigid 33 
arms achieving softer and safer interactions with the environment [5]. 34 

In many robotic designs, clutches are powerful components for storing and fast releasing elastic 35 
energy for different aims, such as jumping in mobile [6,7] and legged robots [8]. Particularly, in 36 
unpowered and quasi-passive exoskeletons, clutches play a key role in storing elastic energy that 37 
permits force development with low or zero energy cost for assisting the wearer (e.g. patient) during 38 
walking [9-11].  39 

Underactuated exoskeletons often integrate conventional rigid clutches for direct freezing and 40 
control of the wearer joints without the use of actuators, such as electromagnetic [12,13], electrostatic 41 
[11], magnetorheological fluid-based [14], or electrorheological fluid-based [15] clutches. In the recent 42 
years several promising examples of soft exosuits have tried to bring comfort and higher adaptability 43 
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to the wearer body by the use of intrinsically soft and light structural materials (e.g., textiles and soft 44 
elastomers) and soft actuation technologies [16]. Yet, most of the unpowered soft exosuits still include 45 
clutching systems that are mainly based on rigid, bulky and heavy conventional clutches [17]. An 46 
example of flexible clutch, based on electro-static force for quasi-passive ankle foot orthosis 47 
exoskeletons, is presented in [11]. Still, the need of rigid and planar connection plates at each end for 48 
guarantying the parallel gap between electrodes induces a certain level of rigidity; also, the use of 49 
high voltage for wearable devices can cause safety problems. To address these issues (i.e., wearability, 50 
comfort and safety), here we propose an entirely soft textile-based clutch actuated by vacuum sources 51 
with unconventional load capabilities.  52 

The power of vacuum is extensively exploited in several soft robotic technologies for two main 53 
areas of applications: actuation [18-20] and variable stiffness solutions [21,22]. The successful use of 54 
vacuum in a granular jamming based universal gripper [21], has motivated many other researches in 55 
exploiting a similar approach to tune the stiffness in soft structures for a plethora of applications, 56 
such as medical [23], and adaptive grasping [24]. Variable stiffness sleeves based on the jamming 57 
mechanism of rubbery granules under vacuum are proposed in [22] for stiffening wearer body joints 58 
in a soft exoskeleton. Similarly, in the layer jamming mechanism, the vacuum power pushes the 59 
internal layers of a soft multi-layer structure together and converts it to a relatively stiff body. This 60 
clutch like solution is also exploited in different fields, such as medical [25] and wearable robotics 61 
[26-29]. Although both the granular and layer jamming mechanisms have demonstrated promising 62 
variation of stiffness for different soft robotic applications, increasing the final stiffness of a structure 63 
by playing only on the amount of granules or layers result in bulky and heavy structures with higher 64 
stiffness not only in the active but also in the passive mode.  65 

In this work, we introduce the design and development of a new soft robotic component, which 66 
is a textile-based clutch (TBC) that exploits vacuum as activation solution. TBC is highly compliant, 67 
lightweight, compact and soft clutch realized with low cost components (i.e., textile, plastic, silicone). 68 
High softness and adaptability with wearable technologies, combined with easiness of integration 69 
with other materials commonly used in soft robotic structures (e.g., silicone elastomers), motivate the 70 
use of textile as base material for the realization of TBC. With the aim of improving the blocking 71 
capabilities of TBC, the surface of textile layers is elaborated by integrating miniature plastic 72 
structures able to create an interlocking action between them. A comparison with other solutions 73 
based on high friction materials (to improve the blocking force) is also performed, demonstrating the 74 
effectiveness of the proposed solution. Activation strategies were also proposed and analyzed to 75 
improve the response time of TBC.  76 

2. Materials and Methods 77 

2.1 Textile-Based Clutch 78 
The soft TBC presented in this work is a bilayer elastic belt that we can block its elongation by 79 

applying negative pressure (vacuum). TBC comprises two elaborated inextensible textile - woven 80 
cotton - webbings, both in series with an elastic textile band. The two layers are connected together 81 
from their heads by an inverse arrangement. Specifically, the head of each inextensible textile is fixed 82 
to the head of the elastic band in the other series. Finally, the bilayer assembly of textile bands is 83 
packed inside a flat and air sealed elastic cover that permits the easy elongation of the device (Figure 84 
1a). In the passive or disengaged mode (Figure 1b and 1c), the two TBC layers can freely slide in front 85 
of each other and consequently the TBC elongates with a minimum force that, based on Equation 1, 86 
depends to the elasticity of the cover, elastic bands and frictional interaction between layers. The 87 
application of a negative pressure inside the elastic cover activates the TBC (engaging mode) and 88 
creates a temporary adhesion between textile layers (Figure 1d). In this mode, the flexibility of the 89 
elastic cover permits that the external environmental pressure squeezes the cover and pushes the 90 
inextensible textile webbings toward each other and causes their temporary and strong adhesion 91 
(Figure 1d). The zone that the elaborated inextensible textile webbings face each other (called 92 
interfacing zone) (Figure 1b) plays a key role in the adhesion strength during the engaging mode. As 93 
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presented in Equation 2 the magnitude of engaging force (Fୣ୬୥ୟ୧୬୥ ) is a function of the applied 94 
negative pressure (ΔP) and the device characteristics, such as the area occupied by the elastic bands 95 Aୣ୪, area of interfacing zone A୧୬ , the frictional coefficient between textile layer and elastic bands 96 µ୲ୣ୶ and the effect of elaboration technique ሺµୣ୪ୟୠ୭୰ୟ୲୧୭୬).  97 

 98 
 99 

 100 
Figure 1. (a) CAD presentation of textile-based clutch TBC; two layers of textile parallel to each other 101 
are encapsulated inside an elastic cover. (b) and (c) Textile layers can slide in front of each other by 102 
means of an external elongation force; an elastic element in each layer of textile permits the device to 103 
elongate and recover its initial configuration. (d) Connecting the TBC to a vacuum source permits to 104 
the elaborated layers to create a temporary adhesion that blocks the elongation of the TBC under 105 
external elongation forces. 106 

Fୣ୪୭୬୥ୟ୲୧୭୬ ୭୰ ୢ୧ୱୱୣ୬୥ୟ୧୬୥ ൌ Fୣ୪ୟୱ୲୧ୡୱ ൅ F୧୬୲ୣ୰୬ୟ୪ ୤୰୧ୡ୲୧୭୬, (1)Fୣ୬୥ୟ୧୬୥ ൌ ሺΔPሻ ሺAୣ୪µ୲ୣ୶ ൅ A୧୬µୣ୪ୟୠ୭୰ୟ୲୧୭୬ሻ,       (2)

The elongation ratio (𝐸𝑅்஻஼) is an important parameter to characterize TBC and it is defined as 107 
the clutch elongation divided by the clutch length (𝑙୘୆େ). According to the design in Figure 1b, 𝑙୘୆େ 108 
can be expressed as function of the length of interfacing zone (𝑙୧୸) and the length of elastic bands (𝑙ୣ) 109 
(Equation 3). The maximum elongation is physically limited by the elongation ratio of the elastic 110 
bands (𝐸𝑅௘), but practically, for elongations greater than 𝑙୧୸, the device cannot guarantee a proper 111 
engaging force and, in this situation, the interlocking of elaborated parts is not guaranteed. The 𝐸𝑅௘ 112 
and 𝐸𝑅்஻஼ conditions that guarantee the TBC blocking for each elongation are defined in Equation 113 
4. However, depending to the application of TBCs a longer elastic band can be selected where longer 114 
elongation range or lower elongation force during the disengaging mode is required.  115 𝑙୘୆େ ൌ 𝑙୧୸ ൅ 2 𝑙ୣ, (3)𝐸𝑅௘ ൏  𝑙୧୸ 𝑙ୣ⁄  , 𝐸𝑅்஻஼ ൏  𝑙୧୸ 𝑙୘୆େ⁄ ,    (4)

A second characterizing parameter of TBC is the withstanding force in the engaged mode. This 116 
force can be modified by elaborating the frictional properties at interfacing zone. Utilizing materials 117 
with high coefficient of friction (e.g. rubber coating) on the surface of inextensible textile can enhance 118 
the TBC engaging performance without influencing the flexibility of the device. In this work, small 119 
and rigid segments (called bumps) integrated on the surface of inextensible textiles are used to permit 120 
a mechanical interlocking of the two textile layers to improve the withstanding force. This solution 121 
improves the clutching performance by adding the force of mechanical interlocking to the just 122 
frictional based force of engaging. Similar to the teeth in a dog clutch [30], the rigid bumps on each 123 
of the textile webbings can inter to the free space between bumps on the other webbing and cause an 124 
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interlocking action used for blocking the TBC elongation (Figure 1). Elaboration of the webbings by 125 
this technique does not interfere with their flexibility as the bumps are integrated in an array format 126 
(Figure 2a). This is because the area occupied by the rigid bumps in the array is small and the textile 127 
in the gap between the segments remains flexible (Figure 2b). Both geometry and frictional property 128 
of the bumps can influence the result of interlocking action during the engaging mode. In this work 129 
we selected a semispherical geometry for the bumps. During the disengage mode, bumps with 130 
semispherical shape easily slide on top of each other and do not significantly affect the elongation 131 
force. In the engaging mode (vacuum applied), each single bump is subjected to a normal force 132 
generated by the pressure and penetrates inside the front array of bumps, creating an engaging action 133 
that resists to the sliding of bumps on top of each other. In an array of semispherical interlocking 134 
bumps when all the bumps are penetrated inside each other the interlocking force can be obtained 135 
by Equation 5. 136 

 137 
Figure 2. (a) The bumps of one layer (blue) inter to the gap between bumps of the front layer (red) 138 
and create an interlocking interaction. (b) A prototype of bumps array integrated on the surface of 139 
cotton webbing; the textile remains flexible after the bumps integration. (c) and (d) The top and side 140 
views of one bump interlocked with two bumps in the front layer; under force of environmental 141 
pressure 𝐹௣ (generated by the vacuum), each bump can withstand the engaging force of 𝐹௕௘ which 142 
is the sum of two forces 𝐹௕௪ acting on the bumps contacting points. 143 

According Equation 5 and Equation 6, the size of bumps (r, the radius of semi-spheres), number 144 
of bumps in array (n×m), their distance (d) and their frictional properties ( µ ) can affect the 145 
withstanding force. Larger size of bumps can generate larger normal force caused by environmental 146 
pressure during the vacuum and consequently result bigger withstanding force, which is also 147 
influenced by the number of bumps as it is a sum of each bump engaging force (Figure 2). According 148 
to Equation 6 shorter is the distance d bigger is the engaging force. The x in this equation is the 149 
distance between the contact point of interlocked bumps and the center of each bump. Moreover, the 150 
distance of bumps should also satisfy the condition in Equation 7, otherwise no interlocking between 151 
bumps of two arrays is guaranteed. A tradeoff for the size of bumps is required, as the larger bumps 152 
can transform the environmental pressure to a higher normal force while smaller bumps permit to 153 
integrate higher number of bumps in a constant area of interfacing zone. The influence of size and 154 
density of bumps are investigated in our prototypes and experimental studies, which are reported in 155 
the next sections. 156 
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Fୣ୬୥ୟ୧୬୥ ൌ ∆P ൬Aୣ୪ୟୱ୲୧ୡୱµୣ୸ ൅ 𝑚 × 𝑛 × 𝜋𝑟ଶ × 2𝐹௣ × 𝑡𝑎𝑛 ∝ ൅𝜇1 െ 𝜇 𝑡𝑎𝑛 ∝൰, (5)

𝑡𝑎𝑛 ∝ൌ ଶ௫௥  ,  𝑥 ൌ ඥଵଶ௥మିௗమସ  ,       (6)

𝑑 ൏ 2√3 𝑟          (7)

 157 
Figure 3. The process of bumps integration on textile: The metallic mold is pre heated (a) then the 158 
plastic pellets are added on it (b) and fused (c). After that, the fused material is pressed inside the 159 
mold by a roller (d) till a homogeneous flat surface is obtained (e). On that surface is then lie down 160 
the textile webbing (f) and the bumps are transferred on it (g). (k) Big bumps prototype. (i) Big bumps 161 
mold. (l) Small bumps prototype; (j) Small bumps mold.  162 

2.2 Prototyping 163 
We combined different techniques such as embossing, casting, and sewing to develop the TBC 164 

prototypes (Figure 3a to 3g). For each clutch, the arrays of rigid bumps were directly fabricated on a 165 
pair of woven cotton webbings (0.5 mm thickness and 30 mm width). Two series of TBC prototypes 166 
with semispherical bumps of 4 mm and 2 mm diameter were realized. The bumps were directly 167 
shaped and integrated on the textile webbings by CNC milled aluminum molds (Figure 3i and 3j). 168 
The metallic molds permit the fast and accurate realization of bumps array in one shot of pressing 169 
action. The granules of polyoxymethylen (POM) thermoplastic with high stiffness, and excellent 170 
dimensional stability [31], was firstly poured into the preheated (270°C) aluminum mold (Figure 3a 171 
and 3b). After fusing of granules, they were pressed inside the mold semispherical cavities by rolling 172 
a metallic cylinder over fused materials since a thin, flat and homogenous layer was obtained (Figure 173 
3c to 3e and Supplementary Video1). The bumps inside the aluminum mold were transferred to the 174 
cotton webbing by locating the webbing on the top of the array and pressing it toward melted 175 
polymer, again by rolling of the metallic cylinder (Figure 3f). By pressing, the melted thermoplastic 176 
penetrates inside the textile porous texture and creates a strong bonding that is unified by the bump 177 
material. Finally, the assembly was removed from the mold after cooling the mold by cold water 178 
(Figure 3g). The strong bonding of bumps to the textile guarantees the stability of bumps in their 179 
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location under shear forces generated during the engaging action. TBCs with the 4 mm bumps 180 
integrate arrays of 5×11 bumps in front of 4×11 with 6 mm distance between bumps (Figure 3k); TBCs 181 
with 2 mm bumps were realized by arrays of 10×22 in front 9×22 with the distance of 3 mm in between 182 
bumps (Figure 3l). The webbings with one column less of bumps permit a symmetric configuration 183 
of webbings in the final assembly as the bumps of each webbing seats in the free space between 184 
bumps of the other webbing. An elastic textile band with 15 mm width and maximum 120% of 185 
elongation (Super-Elastic Prym Co.) was sewed to one head of each elaborated webbing. Sewing was 186 
selected as one of the best techniques that can adapt to the textile without affecting its properties or 187 
generating any rigidity in the connection point of elastic and non-elastic bands while providing a 188 
strong bonding. The total practical length of all the TBC prototypes was 180 mm while the length of 189 
interfacing area was 60 mm. For all the prototypes an elastic cover larger than the textiles assembly 190 
was realized by a casting process of silicone elastomer (Ecoflex 0030 of Smooth-On Co.) with a 191 
rectangular shape (50×220 mm, with 1 mm of wall thickness). Whole assembly of textile bands were 192 
inserted and sealed inside the elastic covers (Figure 4). A 4 mm silicone tube (SAINT-GOBAIN Co.) 193 
was later integrated to the elastic cover by silicone caulk.  194 

Two other series of clutches based on just frictional materials were realized in order to compare 195 
the results with the TBC prototypes based on interlocking. Their interfacing zones were elaborated 196 
with high frictional coefficient materials: one by adhering sandpaper (P600) on the top and bottom 197 
sides of the interfacing zone; the second by coating 0.5 mm of silicone rubber at the interfacing zone 198 
which was achieved by direct sinking of textile webbing in silicone elastomer (Ecoflex 0030, Smooth-199 
On, Inc.). 200 

 201 

 202 
Figure 4. (top) The internal layers of TBC with elastic bands, elaborated zone with rigid bumps and 203 
inextensible cotton webbing; (bottom) Final assembled TBC inside the air sealed silicone rubber cover. 204 

2.3 Clutch control unit 205 
In order to address the requirements of compactness and mobility in wearable devices we 206 

developed a miniature pneumatic circuit that is managed by a custom control unit. A microcontroller 207 
(TMS320F28035 from Texas Instruments, Dallas, USA) regulates the pressure inside the TBC through 208 
two pneumatic valves (TX3P030LV03LN from First Sensor AG, Berlin, Germany) and a pressure 209 
sensor (MPXV6115V from NXP Semiconductor, Eindhoven, Netherlands). One of the two valves 210 
(Valve 1 in Figure 5) connects the clutch to the ambient pressure for the disengaging mode, while the 211 
other valve (Valve 2) connects the clutch to a vacuum chamber for the engaging mode. A second 212 
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pressure sensor is located between Valve2 and vacuum chamber to monitor the pressure of the 213 
chamber. A PC is connected to the setup by a serial interface (UART) to set the clutch pressure and 214 
acquire the pressure monitored by the system. A control loop is implemented in the microcontroller 215 
to keep the set pressure. Normally, both valves are deactivated; in this condition the clutch is closed 216 
and the pressure inside is kept to the reached value. We added a hysteresis of ±0.01 bar to the set 217 
value to avoid unnecessary valves activation and waste of energy. We used a vacuum chamber as 218 
vacuum reservoir that decouples the pump speed from the actuator speed. The vacuum chamber is 219 
brought to the desired vacuum level by the pumping system and then switched off. The developed 220 
system was used to characterize the clutch in terms of force and response time. In a real application, 221 
a constant pressure inside the reservoir can be guaranteed by the same control unit and by monitoring 222 
the pressure sensor between Valve 2 and reservoir. 223 

 224 

 225 
Figure 5. (left) Schematic of the control unit; two valves control the pressure inside the TBC. A 226 
chamber is used as vacuum reservoir and provides the possibility of several activation of TBC without 227 
direct use of vacuum pump; (right) Mechanical testing machine used to experimentally evaluate the 228 
TBC engaging force. 229 

2.4 Experimental protocols and setups  230 
Two sets of experiments were performed on the TBC prototypes to characterize their 231 

withstanding force under different conditions and their response time during engaging and 232 
disengaging actions. The force-elongation tests were performed by a material testing machine 233 
(Zwick/Roell Z005) and the pneumatic circuit discussed in the previous section to set the pressures 234 
in the TBCs (Figure 5 - right). We evaluated the engaging forces of all the TBC prototypes (friction 235 
based and interlocking based) under different negative pressures: 0 atm (no vacuum) to -0.8 atm with 236 
0.2 atm steps, for 25 mm elongation with 100 mm/min linear velocity. The tests with no vacuum 237 
pressure (0 atm) were performed to measure the minimum force required for the elongation of TBCs 238 
in the disengaged mode. In order to clarify the frictional effect of the elaboration solutions on the 239 
minimum elongation force and separate it from the effect of elastic bands and the elastic covers, the 240 
elongation force of elastic cover and elastic bands were also separately characterized. The 241 
experiments were repeated for five times for three samples of each prototype. The response times of 242 
the interlocking TBC clutches for both engaging and disengaging actions can be affected by several 243 
aspects such as size of TBC clutches, volume and pressure level of the vacuum chamber, valves 244 
dimension, length and size of the pneumatic circuit and the desired final pressure level for the TBC. 245 
We evaluated the TBCs speeds with the same compact and portable control unit considering that one 246 
of the main applications of the clutch would be in soft exosuits where compactness, low weight and 247 
wearability are demanded. These measurements were made by evaluating the rate of pressure 248 
variation inside TBC during its activation. In order to investigate the influence of reservoir capacity 249 
on the response time of TBCs the experiments were repeated for three different sizes of vacuum 250 
reservoirs (50 ml, 100 ml and 150 ml) at maximum negative pressure (-0.8 atm). In these tests, when 251 
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the desired vacuum was achieved, the vacuum pump was disconnected from the chamber to exclude 252 
the performance of the pump from the reservoir effect. The disengaging response time were 253 
evaluated by connecting TBCs to a constant pressure of -0.8 atm (as maximum achieved negative 254 
pressure) and measuring the time needed to reach the ambient pressure one time Valve1 was open. 255 
To accelerate the response of TBCs with soft inflatable silicone covers, we hypothesized that pre-256 
charging the device with a small negative pressure during the disengaging mode can reduce the 257 
device internal volume by deflating the cover and consequently reducing the engaging response time 258 
while the small negative pressure does not influence significantly the minimum elongation force in 259 
this mode. We experimentally evaluated this technique by applying small vacuum values while 260 
measuring the minimum elongation forces. Later based on this experiment, we evaluated the 261 
response time of TBCs when they were pre-charged by this negative pressure. All the experiments 262 
were repeated 5 times for each testing condition 263 

3. Results & Discussion 264 
In the tests at ambient pressure (0 atm) all the devices demonstrated a similar elongation force 265 

of 14.9 N, 15.7 N, 14.4 N, 15.1 N respectively for small bumps, large bumps, sand paper and silicone 266 
rubber coating. Comparing these measures with the elongation force of just the elastic bands together 267 
with elastic cover (14 N), we observed that large portion of elongation forces during disengaging 268 
mode is dedicated to the properties of elastic elements instead of the effect of frictional properties of 269 
elaborated techniques.  270 

All the tested negative pressures were able to block the elongation of the interlocking TBC with 271 
different withstanding forces. As expected the highest maximum force was obtained with the TBCs 272 
elaborated by interlocking bumps. Both of the interlocking prototypes with small and large bumps 273 
presented better performance in comparison with friction-based TBCs (Figure 6 left). The average 274 
maximum withstanding force of small and large bumps interlocking TBCs were 150.5 N, 152.6 N, 275 
respectively, in correspondence of -0.8 atm for 25 mm elongation of TBC. In these prototypes the 276 
number of bumps (𝑚 × 𝑛) multiplied for the area of each bump (𝜋𝑟ଶ) is almost the same. This justifies 277 
(equation 5) why we a big difference of withstanding force between them was not measured. The few 278 
differences of these measures would be due to the less conformability of silicone cover into the small 279 
gaps in between the small bumps, in comparison with the larger gaps in between the bigger bumps. 280 
The maximum measured forces for the TBC samples with sand paper and silicone coating were 138.7 281 
N and 54.8 N under the same negative pressure (-0.8 atm).  282 

 283 
At the beginning of each blocking test, we observed 12-15 mm extension of the textile webbings 284 

and therefore the first breaking of engaging action happened after that initial stretch of the textile. 285 
The force-displacement graphs of interlocking TBCs (Figure 6 middle and Figure 6 right) demonstrate 286 
the locking action of these type of clutches in the smallest vacuum pressure (-0.2 atm) and biggest 287 
vacuum pressure (-0.8 atm). The picks in these graphs relate to the moment that interlocking action 288 
of clutch fails and the bumps slide on top of each other and again seat inside the gap between them 289 
and the device recovers its locking action. For this reason, the distance between picks of the graphs 290 
corresponds the distance of bumps in the array of each prototype, which is 3 mm for the array with 291 
small bumps and 6 mm for the array with larger bumps. All TBCs, even after breaking the 292 
withstanding force, continue to elongate with an increasing force, which is due to the effect of elastic 293 
elements (elastic bands and elastic cover) as well as to an enlargement of the TBC area during 294 
elongation that results in a larger normal force generated by environmental pressure. Similarly, the 295 
proper action of the TBCs elaborated by sand paper was visible when the elongation of inextensible 296 
textile was stopped. This clutch, after its first breaking, demonstrated an engaging and disengaging 297 
behavior with very small picks in the force-displacement graph affected by miniature bumps of sand 298 
paper roughness. Differently, with the interlocking TBCs and sand paper the TBCs elaborated by 299 
silicone rubber without any clear breaking moment just demonstrated a growing force when the 300 
extension of the cotton webbing was finished. This clutch demonstrated a lower withstanding force 301 
with less sensitivity to the variation of pressure respect to other TBC prototypes but still the 302 
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maximum measured force was much higher than minimum measured force (disengaging mode) in 303 
ambient pressure. 304 

 305 

Figure 6. (Left): The mean maximum withstanding force of all the tested samples under different 306 
applied pressures (standard deviation ±1-3 N). (Middle) the force-displacement graph of all the TBCs 307 
under -0.2 atm and (right) under -0.8 vacuum pressure. 308 

  309 

Figure 7. (left) the engaging response time of TBCs with small bumps; (right) the engaging response 310 
time of TBCs with large bumps (standard deviation ±3-8 ms). Both types of samples were tested in 311 
two different conditions; one starting from ambient pressure and one starting with a pre-charged 312 
pressure of -0.01 atm.  313 

 314 
The results of the TBCs response time with small and rigid bumps and in engaging mode from 315 

environmental pressure to the different target pressures are depicted in (Figure 7 - left). We measured 316 
a slightly faster response time in the case of reservoirs with bigger volume. Also the TBC with bigger 317 
bumps was generally faster than the TBC with smaller bumps, probably because the elastic cover 318 
adapts easier in the large gap between large bumps (Figure 7 - right). The use bigger reservoirs 319 
allowed obtaining a better performance in achieving higher negative pressure inside TBCs. Therefore, 320 
in the case of applications that require high withstanding forces and consequently higher pressures, 321 
a bigger reservoir would be a good selection. We also recorded a faster response time in the 322 
experiments where TBCs were pre-vacuumed (internal pressure was set to -0.01 atm). The target 323 
pressure in the case of pre-vacuum was generally achieved 160 ms faster. For example, in the test 324 
with the slowest speed, TBC with large bumps took 350 ms to reach -0.6 atm while the same pressure 325 
was achieved in 160 ms in the case of pre-vacuum (190 ms faster). In general, the average response 326 
time of TBCs with small and large bumps respectively varies between 170-370 ms and 170-343ms in 327 
the normal case while by setting a pre-vacuum inside the clutches these range decrease to 3.3-226 ms 328 
and 10-223 ms for reaching -0.7 atm (with the chamber of 100 ml). This is while the elongation force 329 
does not show a significant difference between the -0.01 atm (19-20 N) and 0 atm (15-16 N) conditions. 330 
In addition to TBC performance, all of these results are also influenced by the performance of the 331 
fluidic system (e.g. valves, tubes, etc.)  332 
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About the disengaging mode, we recorded an average response time of 200 ms and 210 ms 333 
respectively for the TBCs with small and large bumps. The discharge response time also can become 334 
faster by blowing air inside the clutch, assisting the disengaging phase by a positive pressure.   335 

4. Conclusions 336 
In this work, we present a flat, compact and powerful soft clutching device that exploits intrinsic 337 

flexibility of textiles and silicone elastomers in its structural materials. The proposed component can 338 
simulate the functionality of conventional clutches and break in soft-bodied structure while it also 339 
has the capability of conformation and adaptation to different shapes. The textile-based clutches, i.e., 340 
TBCs, present a maximum withstanding force of 152 N, which is obtained using two layers of textile. 341 
TBCs also demonstrate a high withstanding-weight ratio of 340 times, considering the average weight 342 
of 45 g for all the developed prototypes. In addition to the interlocking TBCs, a series of friction-based 343 
clutches with coating of sand paper and silicone rubber were developed and characterized. The TBC 344 
elaborated by sand paper also demonstrated an acceptable performance with high withstanding force 345 
(average maximum of 138N), the practical issue with this type of TBC is the fast wear of sand paper 346 
under shear force and lose of performance after few cycle of use. Instead, the friction-based TBC 347 
developed by coating silicone on textile was the weakest TBC among other prototypes with 348 
maximum withstanding force of 54N. In contrast with interlocking TBCs, the silicone-coated TBC 349 
elongates smoothly with different forces under different applied negative pressures. Due to this 350 
behavior, the rubber-coated TBC can be potentially used as a variable stiffness elastic component 351 
with an elasticity that is tunable with pressure. The small size of TBCs results in a low internal volume 352 
that provides the possibility of achieving quite fast response time (in the order of 200 ms), even with 353 
a small and lightweight vacuum system. The high elongation ratio of the proposed device (up to 33 354 
%) and the relatively fast response time of the clutches broaden its application in many different fields 355 
of application, such as wearable robotics. As example, the TBCs clutches can be integrated in a soft 356 
exosuit to limit and controlling the joints motions for assistive and rehabilitation applications [32]. In 357 
such application, the flat configuration and softness of developed clutch permit high adaptability to 358 
the wearer body and ease integration to textile based garments. Moreover, combination of this device 359 
in parallel or series with other elastic elements permits to engaging and disengaging or bypassing 360 
elastic elements in robotic structures that can have many applications in impedance control scenarios 361 
in legged robots and in unpowered exoskeletons and exosuits. The compact size of each TBC permits 362 
parallel configuration of several TBCs in a compact or flat assembly, which results greater 363 
withstanding forces for the case that loads higher than a single TBC is required. Moreover, as future 364 
work we aim to investigate the effect of different bump shapes and patterns on the performance of 365 
TBCs.  366 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Video S1: Clutch 367 
Fabrication, Video S2: TBC disengaged mode, Video S3: TBC weight lifting.  368 
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