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Granular materials transition between unjammed (deformable) and jammed
(rigid) states when adjusting their packing density. Here, we report on
experiments demonstrating that the same kind of phase transition can be
alternatively achieved through temperature-controlled particle shape change.
Using a confined system of randomly-packed rod-like particles made of shape
memory alloy (SMA), we exploit that shape recovery of these bent rods with
rising temperature at a constant packing density leads to a jammed state. The
responsible physical processes are elucidated with numerical simulations
based on the Discrete Element Method. As an exemplary application of the
uncovered mechanism, we engineer a smart clamp that can actively grip or
release an object through the thermo-induced jamming or unjamming of the
granular material, and robustly so under cyclic temperature changes. In the
jammed state, its load-bearing capability surpasses the total SMA weight by a

tunable margin, up to over 800-fold. The clamping design paves the way
towards a new kind of functional devices based on the thermo-responsive
jamming of shape memory granular materials.

Granular materials, which are assemblies of many discrete particles,
exhibit complex behaviors that mimic, and transition between, those
of solids, liquids, and gases'*, due to inherent microstructural dis-
order, heterogeneity, self-organization, and intricate interparticle
contacts™®, Leveraging these unique properties, smart devices that are
simple to construct, robust to operate, and adaptable to different
situations have been developed®™. For instance, particle robotics has
been developed to enable locomotion and transportation through the
self-assembly of randomly-dispersed particles®, while a recently
invented granular actuator exploits the rapid and substantial volu-
metric expansion of granular materials™". Furthermore, granular
grippers have emerged”™ through utilizing granular jamming, which
refers to the transition from a flowing or disordered state to a solid-like
state'®”, They offer the advantages of picking up objects of arbitrary
shapes without the need for complex control and force sensing
systems®. Likewise, the jamming of elongated fibers*** and flat

layers”* has found application as a stiffening mechanism for soft
robotics. Granular jamming is typically achieved through increasing
the packing density and with it the shear resistance of the granular
assembly”?’. However, triggering the jamming transition in industrial
applications usually requires manual manipulation of a vacuum
pump and pneumatic devices**, a process that is difficult to auto-
matize as these are complex systems involving many interacting
functional parts.

Shape memory alloys (SMAs) and shape memory polymers are
classified as smart materials because of their capability to revert to a
predetermined shape when heated®®*. Thus, they are extensively
utilized in smart devices and soft robotics, including robotic multi-
fingered grippers®*%, due to their unique feature of temperature-
dependent shape change. Here, we show that this feature can be
exploited to control a jamming transition of an assembly of discrete
SMA rod-like particles. Such assemblies feature bulk behaviors of
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Fig. 1| Operating principles of the clamp. A Schematic of the clamp components.
B Clamping procedure. C XCT images of individual SMA rods of AR =30 within the

clamp container of solid volume fraction ¢ = 0.28 at T=25°C and 85°C.
D Probability density function (PDF) of normalized tip distance L, /L, (where L is
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granular materials at the macroscopic scale, while simultaneously
retaining the shape memory effect at the microscopic particle scale.
This combination allows for unique functionalities and adaptability in
potentially various applications.

To demonstrate this potential, we develop a simple and robust
clamp (Fig. 1A and B). In contrast to previous jamming grippers,
where the jamming transition was controlled by altering the particle
packing density through a pneumatic system®>*2°, the jamming or
unjamming in our design is driven by temperature-induced changes
in the SMA rod shapes. Consequently, the capacity of this clamp
to hold or release weight is temperature-controlled. This property
can be exploited by existing intelligent devices to respond to

environmental changes merely with temperature adjustments,
eliminating the necessity for human intervention. Notably, the
clamp can hold a load exceeding 800 times the total weight of the
SMA rods. This maximum clamping ability is tunable, depending
on parameters such as solid volume fraction, rod aspect ratio (the
ratio of rod length to diameter, AR), and the inclusion of small
balls within the arrangement of packed rods. In addition to the
experiments, a rod-like particle model considering the shape
memory effect has been developed based on the Discrete Element
Method (DEM), and numerical simulations are performed to
give more particle-scale insights into this thermo-responsive
jamming behavior.
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Results

Design, fabrication, and operating principles

We create a tunable, temperature-controlled clamp utilizing SMA rod-
like particles or rods. The operating principle is the thermo-responsive
transition between the unjammed and jammed states, which is sys-
tematically investigated in this study through the analyses of the
clamping performance and the mechanical behaviors of the SMA rods.
The clamp consists of a cylindrical container (with an inner diameter of
D;, =32 mm and height of 15mm) and a thin cylindrical stick (with a
diameter of 14 mm and length of 120 mm), as illustrated in Fig. 1A. The
operating procedure of the clamp is shown in Fig. 1B. A specified
number of SMA rods (Supplementary Fig. 1A), fabricated from cut TiNi
SMA wires, are randomly packed into the cylindrical container, which
is closed using bolts and nuts. The SMA rods originally have a straight-
line shape inside the container. The thin stick is then inserted through
the hole into the container, causing the rods to bend. With the stick
remaining inside, the rods are heated to an elevated temperature (e.g.,
85°C). Due to the shape memory effect, the heated rods tend to
reduce their bending deformation. This decrease in the curvature of
the rods leads to an unjamming-to-jamming transition of the granular
system inside the container. Consequently, the inserted stick gets
gripped by the jammed rods. A significant amount of weight can then
be suspended from the stick using a hook. The load bearing capacity of
the clamp at room temperature and a heated state is visualized in
Supplementary Movie 1. In addition, a significant weight can be per-
sistently held for more than 15 hours at a temperature of 80 °C (see
Supplementary Movie 2), demonstrating good durability of the load
bearing.

Using a 320 kV X-ray Computed Tomography (XCT) instrument,
we obtain the three-dimensional (3D) images of the SMA rods within
the clamp container, as depicted in Fig. 1C. The top row shows particle
images at a low temperature of T=25 °C, while the bottom row shows
images at a high temperature of 85 °C. As the temperature increases,
we observe changes in the overall structure of the packing, along with
reductions in the bending deformations of the rods (or the rod cur-
vatures), as shown by the highlighted rods. The SMA rods with AR =
25-40 and the present bending stiffness show no entanglement
behaviors in the clamp container. To quantify rod bending deforma-
tion or curvature, we plot the probability density function (PDF) of the
distance between two tips of a rod L, normalized by the length of the
SMA rod in its straight shape L, in Fig. 1D. A larger Ly, /L, indicates
smaller rod bending deformation and curvature. As illustrated, overall
rod tip distances increase as the temperature rises from 25 °Cto 85 °C.

The granular unjamming-to-jamming transition depends on solid
volume fraction and temperature, which determines the rod curva-
ture, as depicted in Fig. 1E. Jamming more likely occurs at larger solid
volume fractions and smaller rod curvatures (at high temperatures). In
the clamp container, the solid volume fraction remains constant dur-
ing the clamping process, and a reduction in rod curvature due to
rising temperature T leads to a transition to the jamming state. Con-
versely, when the temperature decreases from 85 °C to 25 °C, the rod
bending deformation increases due to reduction in elastic modulus of
the shape memory material, leading to an increase in rod curvature.
Consequently, the granular system transitions to an unjammed state
(Fig. 1E), resulting in the releasing of the weight. Thus, controlling the
heating or cooling of SMA rods in the clamp container allows for the
manipulation of weight holding or releasing mechanisms.

The effects of temperature and solid volume fraction

To assess the clamp performance, we experimentally measure the pull-
out force on the thin stick using an INSTRON® universal testing
machine (Supplementary Section S1 and Supplementary Fig. 2). The
pull-out force is plotted in Fig. 2A as a function of stick displacement
for various temperatures T at a solid volume fraction of ¢ = 0.28. The
pull-out force rises rapidly to its peak and declines gradually with

increasing stick displacement. Notably, the peak pull-out force
increases with temperature. At 7 = 25°C, the peak force is below 2N,
indicating an inability to bear a significant load. However, as the tem-
perature T increases to 80 °C, the peak force exceeds 100 N. Fur-
thermore, at a specified temperature of 7 =80 °C, the peak pull-out
force increases with increasing solid volume fraction @, asillustrated in
Fig. 2B. Using the temperature and solid volume fraction data, we
construct a phase diagram in Fig. 2C, in which color represents the
magnitude of the peak pull-out force F,,,. In the previous studies of
jamming of semiflexible polymers under homogeneous compressions,
jamming was defined to occur when the pressure exceeds a threshold
value®. Similarly, in the present study, a critical threshold force of
Fnax =10%m, 48, where m,4 is the mass of a rod and g is the gravita-
tional acceleration, is used for the partition of unjamming and jam-
ming states, and a boundary line with £, =10*m,.4g (black dash line)
is plotted in Fig. 2C. The critical volume fraction for jamming ¢,
decreases and converges to a lower limit (¢, =0.1) with increasing
temperature T. Thus, if the solid volume fraction ¢ is below 0.1, jam-
ming never occurs regardless of temperature change. It should be
noted that the pull-out force and critical volume fraction for jamming
are dependent on the rod aspect ratio AR and container size, the
effects of which will be discussed later.

Larger solid volume fractions ¢ cause stronger rod-rod and rod-
boundary contacts, resulting in larger bending deformations, and thus
smaller tip distances Lg,/L,, of the rods (Fig. 2D). An angle a between
the straight line connecting the two end tips of a bent SMA rod and the
horizontal plane (x-z plane) represents the degree of the rod tilt*°, as
illustrated in Fig. 2E. The inclination angle a can be calculated for each
rod based on the XCT data. The mean inclination angles a for the SMA
rods of AR =30 at various solid volume fractions ¢ are shown in Fig. 2F.
It is observed that a initially decreases and then increases with
increasing ¢ at a specified temperature 7= 80 °C, because more space
exists for the rods to tilt more freely at a smaller solid volume fraction,
and the larger contact forces at a larger solid volume fraction promote
the rods to rotate and tilt more. For ¢ =0.24, the mean inclination
angle a slightly increases when the temperature T increases from 25 °C
to 80 °C, probably due to the increased contact forces propelling the
tilt of the rods.

In order to probe the unjamming-to-jamming transition at the
particle scale, we performed numerical simulations using the Discrete
Element Method (DEM). A DEM model of SMA rod-like particles has been
developed that considers the shape memory effect on the rod bending
deformation. Detailed information on the DEM simulations and the
model validation can be found in Supplementary Section S2. The com-
putational set-up of the pull-out process of the stick from the assembly
of SMA rods closely mimics the experimental set-up described above.
Compared to the experimental studies, the DEM simulations are much
less costly and time-consuming. In addition, contact forces between the
rods and boundaries, which are difficult to measure in the experiments,
can be easily obtained from the DEM simulations.

From the numerical simulations, various particle-scale information
was obtained. The average normalized rod tip distance Ly, /L, gradu-
ally increases and converges to an upper limit with increasing tem-
perature from 50 °C to 85 °C for each solid volume fraction ¢ (Fig. 2G).
Additionally, this increase in Ly,/L, leads to a slight increase in the
coordination number, defined as the average number of contacting
neighbors per rod (Fig. 2H), and an increase in mean rod-rod and rod-
boundary contact force F,,/(EMA) (Fig. 2G), in which EM is the elastic
modulus of the material at the martensite phase (the phase of SMA at
low temperatures) and A is the rod cross-sectional area’. The larger
coordination number and larger contact force both contribute to larger
peak pull-out forces at higher T (Fig. 2A). As ¢ increases, both the
coordination number and mean contact force increase (Fig. 2H and I),
indicating stronger rod-rod contacts. Therefore, a denser packing with
a larger ¢ leads to smaller L, /L, (Fig. 2D and G), corresponding to
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Fig. 2 | Effects of temperature T and solid volume fraction ¢ on clamp per-
formance. A Pull-out force as a function of stick displacement for various tem-
peratures at ¢ = 0.28. B Pull-out force as a function of stick displacement for various
solid volume fractions at 7= 80 °C. C Phase diagram illustrating the peak pull-out
force F . based on T and ¢. D Probability density function (PDF) of normalized tip
distance Ly, /L, for the SMA rods at 7= 80 °C and various solid volume fractions.
E Anillustration of inclination angle of a rod a. F Mean inclination angles of the SMA
rods a for various solid volume fractions at 7= 25°C and T = 80 °C. The results

(A-F) are obtained from the experiments and XCT measurements. G, H, I Depict the
results obtained from DEM simulations, showing the average normalized rod tip
distance Ly, /Lo, coordination number, and mean contact force F o, /(E Ma),
respectively, as a function of temperature T for various ¢ values. The coordination
numbers obtained from the XCT experiment are included in (H) for a comparison
with the simulation results. The widths of shaded bands in the above figures
represent the standard deviations from the mean values out of multiple
measurements.

larger rod bending deformation, and larger peak pull-out for-
ces (Fig. 2B).

At ¢ =0.18, five different packing configurations of the rods are
generated in the simulations, and the pull-out test is simulated for each
configuration. The mean rod tip distance, coordination number, and
mean rod-rod contact force varying with the temperature T are shown
in Fig. 2G, H, and |, respectively, in which the band widths of the shaded
regions represent standard deviations from the mean values out of the
five tests. In Fig. 2H, the experimental XCT results of the coordination
numbers at ¢ = 0.18 fall into the shaded region (standard deviations) of
the simulation results, corroborating the DEM model.

To assess the robustness of the clamp performance, cyclic
ascending-descending changes in temperature are applied to enable
the clamp to repeatedly hold and release a weight. The testing pro-
cedure involves several steps.

Step 1: At room temperature of 7=25 °C, a thin cylindrical stick is
inserted into the clamp container. At this point, it has no ability to lift a
significant load (Fig. 2A).

Step 2: The temperature is increased to 80 °C to activate the
clamping mechanism. A tensile test is performed using a universal

testing machine to pull the thin stick out of the clamp container, and
the pull-out force as a function of stick displacement is recorded.

Step 3: The clamp is cooled back to 7=25 °C and the thin stick is
reinserted. At this low temperature, the clamp loses its ability to hold a
significant load, just like Step 1.

Step 4: Steps 2 and 3 are repeated for multiple cycles to assess the
clamp’s robustness under cyclic temperature changes.

The pull-out force stick displacement curves at 7T=380 °C exhibit
qualitative similarity over different temperature-change cycles for a
given solid volume fraction (¢p = 0.24, Fig. 3A). The peak pull-out forces
vary between 85 and 115 N (Fig. 3B). The mean peak pull-out force at
various ¢ is plotted in Fig. 3C, in which the band width of the shaded
region represents one standard deviation from the mean for the results
obtained from multiple heating-cooling cycles. It shows that the clamp
demonstrates robust performance in bearing significant loads at high
temperatures throughout cyclic temperature variation and repeated
holding-releasing cycles.

The coordinates of the center of each rod can be experimentally
determined by the XCT measurements. Thus, the displacement of
the center of each rod relative to its initial position at the beginning
of the temperature cycles § can be obtained for a specified
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temperature in each cycle. The probability density distribution of
the rod displacement 6 normalized by the rod diameter d,,q at
T=25°C and 80 °C in different cycles are plotted in Fig. 3D. It is
observed that the tail curves of the large displacements of §/d,,4>3
nearly collapse at 80 °C, indicating the similar overall movement of
the rods in different heating-cooling cycles. The average displace-
ments of the rods 6/d,,y (relative to the initial positions at the
beginning of the temperature cycles) at 7=25 °C and 80 °C in dif-
ferent cycles can then be calculated as shown in Fig. 3E, and the
average rod displacements §/d,,4 increase and tend to converge to
an upper limit of about 2.5 after multiple cycles. In addition, the
average rod displacements relative to their positions at 7=80 °C in
the previous cycle, §/d,,q, can be obtained in Fig. 3F, and it

decreases below one after 4 cycles. For a specified temperature, as
the rod displacements remain small in all the temperature cycles
(Fig. 3E, F), the packing configuration and therefore peak pull-out
forces exhibit slight changes across the cycles.

The effect of rod aspect ratio

SMA rods of various aspect ratios (ARs) are used in the clamp. The peak
force as a function of AR at the temperature 7= 80 °C is shown in
Fig. 4A. For a fixed ¢, the peak pull-out force initially increases as AR
increases from 25 to 30. Subsequently, it declines as AR continues to
increase to 35 and 40. This nonmonotonic correlation likely reflects
the AR-dependent microstructural properties of the rod packings in a
confined space. Therefore, DEM simulations of the same processes as
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the experiments are performed to unveil the microscopic information
regarding the rod system within the clamp.

As T increases from 50 °C to 85°C, the normalized rod tip dis-
tance Ly,/Lo gradually rises (rods are recovering their original
straight shape) and approaches an upper limit for each aspect ratio
AR at ¢ = 0.28 as shown in Fig. 4B. Larger rod aspect ratio AR leads to
smaller normalized tip distances L;,/L, and thus larger rod bending
deformation, as the larger AR rods need to bend more to accom-
modate themselves in the confined space of the clamp container. The
dependences of coordination number and SMA-stick contact number
on the normalized tip distance Ly, /L, are shown in Fig. 4C and D,
respectively. Slight increases in Lg,/L, lead to substantial rises in
coordination number and SMA-stick contact number, indicating that
the rod shape change has a significant impact on the contact micro-
structures of the rod packings. In addition, at a specified 7, the
coordination number increases with increasing AR (Fig. 4C), which

was also observed in the previous studies on the packing of flexible,
elongated particles®. Due to the larger coordination number and
boundary effect of the clamp container, the larger AR rods tilt more
from the horizontal plane with larger inclination angles @ (Supple-
mentary Fig. 14).

The normalized mean internal bending moment of the rods,
M /(EMI), where [ is area moment of inertia of the rod cross-sectional
area, increases more significantly for larger aspect ratio rods as T
increases (Fig. 4E). At a specified T, M/(EM]) increases monotonically
with increasing AR, indicating that larger local bending deformations
occur in larger AR rods due to the spatial constraint from the bound-
aries. The rod-rod and rod-boundary contact forces follow Weibull
distributions (see Supplementary Section S3). The normalized mean
contact force, F,/(EMA), increases rapidly as the temperature T
increases from 65 °C to 75 °C, during which the unjamming-to-
jamming transition occurs for the rod system (Fig. 4F). In addition, the
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mean contact force F.,,/(EMA) exhibits a nonmonotonic depen-
dence on AR.

At T = 80°C, as AR increases from 25 to 30, although the SMA rod-
stick contact number declines (Fig. 4D), a significant increase in the
contact force occurs (Fig. 4F), leading to larger peak pull-out forces
for AR=30 (Fig. 4A). As AR increases from 30 to 35 and then 40 at
T=80 °C, both the SMA rod-stick contact number (Fig. 4D) and the
mean contact force (Fig. 4F) decrease, resulting in a reduction in the
peak pull-out force (Fig. 4A). Therefore, the effects of rod aspect ratio
on clamp performance (Fig. 4A) originate from the microscopic
properties (Fig. 4B-F) of the rod system.

The effect of system size
Different clamps with the various inner diameters of the container D;,
are used in the experiments to explore the effect of system size. The
rods of AR=40 are arranged in the containers and the solid volume
fraction is specified as ¢ = 0.18. The size ratio of the container diameter
D;, to the real length of a rod L, has an impact on the pull-out forces
(Fig. 5A): the peak pull-out force initially increases and then decreases
with increasing size ratio D;, /L. The initial packing configuration and
rod deformation are also affected by the container size. As D;,/L,
increases, the constraint effects from the container boundaries are
reduced. Consequently, the mean inclination of the rods a declines
(Fig. 5B) and normalized rod tip distance Ly,/L, increases (Fig. 5C) in
the initial rod packings at 7=25°C.

For various solid volume fractions ¢, the peak pull-out force
reaches a maximum at D;,/L, =13 and it decreases with increasing
D;,/Ly for D;,/Ly>13 due to the reduced effects of the container

boundaries. For the small containers with D;, /L, <1.3, the number of
the rods arranged in the container is so small that the number of the
contacts between the SMA rods and the inserted stick is reduced as
D;, /L, decreases, limiting the increase in the pull-out force exerted on
the stick with the reduction of the container size. In the studies of the
rod aspect ratio AR effects (Fig. 4), an increase in AR from 30 to 40,
corresponding to a reduction in the size ratio D;,/L,, leads to a
decrease in the peak pull-out force, which is consistent with the results
in Fig. 5. In addition, for a larger clamp container, a large peak pull-out
force can be achieved by increasing the solid volume fraction
¢ (Fig. 5D).

Enhancing load-bearing capacity with the addition of small balls
The transition between unjamming and jamming states is the key
mechanism underlying the ability of the clamp to either hold or release
aweight. Therefore, it is natural to assume that adding small balls to fill
the void spaces in a bed of elongated particles would stiffen the
microstructure and enhance force transmission through the granular
medium, thereby promoting the transition to the jamming state. To
examine this hypothesis, experiments were conducted by introducing
small glass balls with a diameter dy,; = 5mm into the matrix of SMA
rods within the clamp container (Fig. 6A). For a clamp with a constant
volume fraction of SMA rods ¢4 = 0.18, the addition of more small
balls leads to an increase in the total solid volume fraction in the
container @y, .+ sma- The pull-out force - stick displacement curves for
various @y, +sma Values at 7= 80 °C are shown in Fig. 6B. As observed
from the insert, the peak pull-out force increases from 70 N to 100 N as
the total solid volume fraction ¢y, sua increases from 0.18 to 0.45,
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demonstrating that the addition of small balls can, indeed, improve the
load-bearing capability of the clamp by augmenting the clamp force at
the jamming state.

With a constant total solid volume fraction of @y, sua = 0-28, a
larger fraction of SMA rods @y, results in a larger peak pull-out force
(Fig. 6C). Thus, the shape change of the SMA rods plays a more
dominant role in the transition to jamming. When steel balls (Young’s
modulus £y, =200 GPa) are used to replace the glass balls (£, =
72 GPa) of the same diameter (dy,; = 5 mm), larger peak pull-out forces
are obtained for the stiffer steel balls at intermediate overall solid
volume fractions of 0.2<@p; + sma<0.35 (Fig. 6D), and minor changes in
the peak pull-out force occur with gy, + sua Smaller than 0.2 or greater
than 0.35. In general, the small differences between with the steel and

glass balls attribute to the much smaller Young’s moduli of the SMA
material (E* =40 GPa and EM =20 GPa), which determine the rod-ball
contact stiffness.

In addition, it is observed that the peak pull-out force for a smaller
fraction of SMA rods, ¢gya = 0.18, can catch up with that for gy, =
0.21 at a large overall solid volume fraction of @y, , sma = 0.38.Inavery
densely-packed granular bed, the shape changes of a few SMA rods can
lead to strong rod-rod contacts due to significant space constraints.
Therefore, fewer SMA rods are required to achieve satisfactory clamp
performance for a densely-packed granular bed with a large overall
solid volume fraction.

Furthermore, we also investigate the impact of friction between
the balls and SMA rods. An inclined plane experiment is conducted to
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measure friction coefficient between the spherical particles and SMA
rods u at different temperatures T (See Supplementary Fig. 4). At
80 °C, the mean friction coefficient between the glass balls and SMA
rods (u=0.134) is very close to that between the steel balls and SMA
rods (¢ = 0.145). Thereafter, the DEM simulations are performed with u
varying between 0.1 and 0.2 (covering the range of friction coefficients
experimentally measured). As shown in Fig. 6E, the scaled peak pull-
out force, Fy /F2.., exhibits slight changes with g at low solid volume
fractions of @p,.swa =0.25 and 0.32, while it increases significantly
with u at a larger @+ sua = 0.38, in which a much stronger contact
network is formed with more rod-ball contacts and larger contact
forces (Supplementary Fig. 13).

Discussion

In summary, this article presents an innovative design of a tunable,
temperature-controlled clamp based on the granular jamming of
shape memory rods. The shapes of the rods within the clamp can
change with temperature, facilitating a reversable unjamming-to-
jamming transition. Consequently, the clamp can hold and release
weight depending on the jamming and unjamming states, respectively.
The load-bearing capacity of the clamp, which demonstrates robust-
ness in holding and releasing performance under cyclic temperature
variation, relies on the current temperature and the solid volume
fraction of the rods within the clamp. Intermediate rod aspect ratios
and intermediate size ratios of the clamp container diameter to the rod
length yield the best clamp performance due to the combined effects
of container boundaries and rod-stick contacts. Strengthening the
contact force network is achieved by introducing small balls to fill the
voids within the matrix of SMA rods, resulting in larger clamping for-
ces. Thus, the peak clamp performance is maximized by increasing
solid volume fraction, optimizing the rod aspect ratio and container
size, and incorporating small balls to the packed rods.

Overall, the present clamp is developed based on a novel appli-
cation of granular jamming induced by particle shape change, and the
physical and engineering principles underlying this design can moti-
vate innovations for smart devices using granular materials. In future,
the roles that are played by particle ordering or organization, particle
polydispersity, and temperature-dependent customized particle
shapes (e.g. Z-shape, U-shape etc.) can be explored for a better
understanding of the physics of such complex, thermo-responsive
granular systems.

Methods

Materials

The clamp containers were made of polymethyl methacrylate (PMMA)
and had an outer diameter of 80 mm and an outer height of 56 mm.
The thin cylindrical sticks were fabricated from high-performance
nylon (HP3DHR-PA12) using 3D printing technology and had a length
of 120 mm. In the studies on the influences of temperature, solid
volume fraction, and addition of small balls, the inner diameter of the
container was 32 mm and the diameter of the thin stick was 14 mm. For
the studies examining the effects of rod aspect ratio, the inner dia-
meter of the container was 42 mm and the diameter of the thin stick
was 32 mm, in order to accommodate the very large aspect ratio rods.
For the studies of the effect of clamp container size, the inner dia-
meters of the container were 42 mm, 46 mm, 50 mm, 55 mm, 59 mm,
67 mm, 76 mm, and 84 mm.

The shape memory rod-like particles were cut TiNi (nickel-tita-
nium) alloy wires (Supplementary Fig. 1A) with a diameter of 1 mm and
lengths of 25 mm, 30 mm, 35 mm, and 40 mm, respectively. For the
TiNi alloy, the material density was 6500 kg m™, the elastic modulus at
austenite (at high temperatures) phase (E*) was 40 GPa, and the elastic
modulus of the martensite phase (™) was 20 GPa. The austenitic start
and finish temperatures (4° and A") at zero stress were 50 °C and 80 °C
(Supplementary Fig. 1B), respectively. The small balls used to fill the

void space in the matrix of shape memory rods were made of steel
(Young’s modulus £,,; =200 GPa) and glass (£, =72 GPa), and they
all had a diameter of 5 mm.

Temperature control

The DHG-9070A 250°C programmable blast drying oven (including a
resistance heating tube, fan and air ducts, and a microcomputer
intelligent controller, see Supplementary Fig. 3A) was used to heat the
SMA rods for about 15 minutes from room temperature to the target
temperature. During the pull-out tests using an INSTRON® universal
testing machine, temperature-controlled silicone heating pads were
used to maintain an almost constant temperature of the SMA rods in
the container (Supplementary Fig. 3B). The temperature was mon-
itored by a thermal imaging camera (Supplementary Fig. 3C). The
maximum deviation from the target temperature should be less than
2 °C, otherwise the results would be discarded.

X-ray computed tomography

The clamp unit filled with SMA rod-like particles and a thin stick was
scanned at a specified temperature using a 320 kV X-ray Computed
Tomography (XCT) instrument. With the XCT data, 3D images of the
individual SMA rods (Fig. 1C) were constructed using the image pro-
cessing software Dragonfly®. In addition, utilizing the 3D data for each
rod, the distance between the two tips of a rod L, and the inclination
angle of a rod a were quantitatively determined to characterize rod
curvature and orientation.

DEM simulations

For the Discrete Element Method (DEM) simulations, a new model was
developed to simulate the behavior of the SMA rod-like particles, in
which a temperature-dependent constitutive law was implemented to
account for the shape memory effect on the rod bending deformation.
To validate the simulations, cantilever bending of a single rod and a
stick pull-out process from the granular clamp were analyzed. These
simulations were performed using proprietary software developed at
Zhejiang University, and more details regarding the DEM simulations
are provided in Supplementary Section S2.

Data availability
The source data generated in this study are provided in the Source
Data file. Source data are provided with this paper.

Code availability

The code for calculating temperature-dependent deformation of
the shape memory rods based on the DEM method is deposited
in GitHub under free access [https://github.com/HarryjwH/
ShapeMemoryBond_DEM].
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