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Abstract— Mobile tensegrity robots are an attractive tech-
nology for the next generation of adaptive, multi-terrain robots
due to their light weight, versatility, and impact resistance.
However, few researchers characterize the impact resistance
of their tensegrity robots, and predicting the maximum height
from which a given tensegrity robot can survive a drop remains
a complex challenge. This critical drop height can be deter-
mined experimentally, but that strategy requires producing,
dropping, and breaking many tensegrity robots, costing time
and resources. In this paper, we present a method for predicting
the critical drop height of a tensegrity robot using finite element
analysis (FEA). First, we experimentally measure the mate-
rial properties for the robot’s components. Next, we perform
preliminary drop tests from low heights to determine general
parameters for the simulation without breaking the robot.
Finally, we simulate drops from different heights to enable the
prediction of the critical drop height: the lowest drop height
where the critical stress is exceeded in one of the components.
The simulation is used to predict the critical drop height of
a 3-bar tensegrity robot in three different orientations. Drop
experiments confirm the simulation’s predictions, as plastic
deformation is observed after drops exceeding the critical drop
height. We further demonstrate the model’s utility by using it to
make a design change to the 3-bar tensegrity robot; the model
predicts that changing the material of the tensegrity’s rods from
aluminum to titanium increases the critical drop height from
0.5 m to 1.5 m, and experiments confirm this increased impact
resilience. The modeling strategy presented in this study paves
the way for improved tensegrity robot designs with enhanced
impact resistance.

I. INTRODUCTION

The principle of tensegrity (a portmanteau of “tensile

integrity”) was first used in architecture to describe struc-

tures composed of rigid struts suspended in a network of

flexible cables [1]. Tensegrity structures are compliant and

lightweight, making them an attractive choice for applica-

tions in mobile soft robots [2]. Tensegrity robots, actuated

tensegrity structures, are capable of various locomotion

modes, including rolling [3], crawling [4], climbing [5],

vibrating [6] and swimming [7]. Their ability to distribute

loads through deformation enables tensegrity robots to sur-

vive harsh impacts, motivating them for the next generation

of planetary rovers and adaptive, multi-terrain robots [8].

Despite the often-cited impact resistance of tensegrities,

few researches demonstrate their robots surviving impacts.

Vespignani et al. demonstrated SUPRERball, a 6-bar spher-

ical tensegrity robot with a 2 m diameter, surviving a 3.4 m
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Fig. 1. Tribar, the 3-bar tensegrity robot used in this study.

drop [9]. More recently, Zappetti et al. demonstrated a drone

with a tensegrity frame and a wheeled robot with tensegrity

axles surviving drops from 2 m and 5 m, respectively [10].

One obstacle to designing tensegrity robots that can sur-

vive higher drops is the challenge of predicting the critical

drop height for a given tensegrity robot design. A modeling

framework that can reliably predict the critical drop height

would enable many different designs to be simulated and

improved upon before they are fabricated and tested, making

the design process more efficient and ultimately leading to

better designs. However, many tensegrity robot simulators

assume rigid-body physics [11], an assumption that breaks

down during harsh impacts that cause components to deform.

Zhang simulated tensegrity impacts using finite element

analysis [12], but the tensegrities in that study were passive

landing structures for protecting a fragile payload, not mobile

robots with actuators for locomotion.

This paper presents a modeling strategy for predicting the

critical drop height of tensegrity robots. We demonstrate

our approach with an open-source 3-bar tensegrity robot,

“Tribar” [13]. The design of the robot is described in

Section II. Section III describes the material characterization

of the robot’s components. Preliminary drop experiments

from low heights, described in Section IV, are conducted

to identify parameters of the simulation. The software used

for the simulations is Ansys and its module LS-DYNA.

Section V discusses the simulation setup, including our

strategy for modeling FFF 3D printed components with

sparse infills. The results of the simulation are analyzed

and compared with physical experiments. Finally, in Sec-

tion VI, we use the results of the simulation to suggest a

design improvement—changing the material of the rods from

aluminum to titanium—and we experimentally confirm the

simulation’s prediction of the critical drop height.
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II. ROBOT DESIGN

For this study, we use the open-source 3-bar tensegrity

robot Tribar, which was designed for its adaptability and

impact resistance [14]. This tensgrity robot is composed

of three aluminum struts (McMaster-Carr, 8974K19) con-

nected in a helical arrangement such that the convex hull

approximates a triangular prism. The three short tendons on

each triangular face are made from stiff fishing line (Power

Pro, 21101000500E) that is extended and contracted by six

brushed DC motors (Pololu, 5192). The three longer tendons

parallel to the robot’s long axis are elastic and made from

silicone [15]. The robot achieves locomotion via rolling like

other tensegrity robots [16] by actuating its cables to deform

its body and shift its center of mass outside of the projection

of its support triangle [11], [17]. The motors and the batteries

of the robot are protected by a 3D printed motor enclosure

(two on each rod). The electronic components, including

a microcontroller with a WiFi module (Arduino Nano 33

IoT) and a motor driver (SparkFun TB6612FNG) housed

on a custom motherboard, are contained within a two-part

electronics enclosure that is also 3D printed. At the ends of

each rod there are two 3D printed end caps with silicone end

cap covers. The fully assembled robot can be seen in Fig. 1.

III. MATERIAL CHARACTERIZATION

The first step in predicting the critical drop height is

the characterization of the material properties of the robot’s

components. Material tests are performed to determine the

parameters for the simulations and the critical stress associ-

ated with failure.

We characterize the materials with a series of tensile and

compression tests using a materials testing system (Instron

3345) with a 5 kN load cell (Instron 78455) and grips to

hold each sample (Instron 2710-113). For the tensile tests in

this section, the displacement rate is set to 0.5 mm/s, and we

follow the ASTM D638-22 standard for testing the material

properties of plastics [18]. Each material is tested with five

samples.

These characterizations are used to determine each ma-

terial’s elastic modulus, maximum strain, and material re-

sponse curve, which are input parameters to the simulation.

During this process, we take a conservative approach, choos-

ing the material properties that represent the worst case of all

the observed experiments. Even though dropping a tensegrity

robot is an inherently stochastic process, this conservative

approach allows us to confidently assert that the robot will

survive drops when the model predicts it will.

End Caps. The material of the End Caps is Tough 2000, a

photopolymer produced by FormLabs, Inc. and printed with

their SLA 3D printer (Form 3). To test the material, two

sets of samples are created, one with a thickness of 2.3 mm

(the minimum thickness of the end caps) and the other with a

thickness of 4 mm (the maximum thickness that was possible

to realize while adhering to the dimensional requirements in

the ASTM standard [18]); the other dimensions are adjusted

to maintain the proportions reported in [18].

Fig. 2. Stress vs. strain for Tough 2000 in tension. The 4 mm samples
show greater variability than the 2.3 mm samples. Dashed lines represent
outliers. The black line represents the worst case across all experiments and,
therefore, the data used in the simulation.

Fig. 3. Force vs. compressive displacement for DragonSkin 20 samples.

The post-processing procedure for the Tough 2000 sam-

ples is the same as the end caps on the robot. After printing,

the samples are cleaned in an isopropanol bath for one hour

and then UV cured for one hour in a UV curing station.

The results from the tensile tests are shown in Fig. 2. It can

be seen from the graph that the 4 mm samples show a higher

variability in terms of the strain at failure. We hypothesize

that the source of the variance is the inability to post-cure all

the 4 mm samples simultaneously due to the size constraints

of our UV curing station. In contrast, the 2.3 mm samples,

which have higher repeatability, are post-cured in one batch.

To capture the worst-case scenario, we created a “custom

sample,” represented in Fig. 2 by the thick black line.

This custom sample combines the lowest elastic modulus

(1.65 GPa) and the earliest break (10.99% strain) of all the

samples, and these are the parameters that we input into the

simulation.

End Cap Covers. The end cap covers are made from

a silicone elastomer (Smooth-On, DragonSkin 20). During

impacts, the end cap covers are loaded in compression and

function as dampers in the system, so we perform two tests to

understand the behavior of the material in compression and

to estimate the experimental damping coefficient η. To create

the samples, the ASTM D575-91 standard is followed [19].

The cylindrical samples are cast in a polylactic acid (PLA)

mold, and they are 28.6 mm in diameter and 12.5 mm tall.

Fig. 3 shows the results of five samples in the compression

test. The displacement rate is still 0.5 mm/s for this test. The

lowest curve, Sample 4, is the worst case; therefore, this

curve is input into the simulation to model this material. To

estimate the damping coefficient, cyclic tests are performed.

The sample undergoes ten cycles of compression and relax-
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Fig. 4. Cyclic damping tests for five samples of DragonSkin 20 at
frequencies of (a) 1 Hz and (b) 1.5 Hz. The five curves depict ten cycles
for each sample with dashed lines representing the mean values.

ation, and the test is repeated for five samples. The test is

run at two different frequencies, 1 Hz and 1.5 Hz, which is

the maximum frequency that the machine can achieve. Two

different frequencies were tested to check if the damping

coefficient changed as a function of frequency. The results

are reported in Fig. 4.

With these data, it is possible to calculate the dissipated

energy density Wd per cycle

Wd =

∮
σdε (1)

where σ is the stress and ε is the strain. The elastic energy

density We is calculated as

We =
1

2
σmaxεmax (2)

where σmax and εmax are the maximum stress and strain, re-

spectively. With these factors, we calculate the experimental

loss factor η

η =
Wd

2πWe
(3)

The values for the two sets of tests with different frequencies

are then averaged to obtain the final value that we use in the

simulation. The calculated value is η = 0.1592 ≈ 0.16.

Enclosures. The motor enclosure and the electronic en-

closure are 3D printed in PLA with an infill of 15%. How

these components are modeled is described in Section V.

To characterize the materials, we perform experiments with

two types of samples. The first five samples are printed

entirely with a 15% infill. The printing settings were adjusted

to obtain external walls with a thickness of 0.2 mm, the

same thickness of the infill pattern features in the robot’s

3D printed components. The second five samples are printed

with a 100% infill. By separating these two types of samples,

we obtain separate material properties for the sparse core

and the external shell of all the 3D printed components,

which is important for the simulation model. The results of

the tensile tests of the 15% infill and 100% samples are

shown in Figs. 5(a) and 5(b), respectively. The thick black

line indicates the worst case from all samples, and therefore

the material properties we use in the simulation.

Rods. For characterizing the material properties of alu-

minum, we use the aluminum rods themselves instead of

fabricating samples. Fig. 6 shows the results of the aluminum

tensile tests. As for the other materials, the worst case

Fig. 5. Tensile tests of PLA samples at (a) 15% infill and (b) 100% infill.
The thick black lines represent the worst case, formed by the lowest curves
and earliest breaks.

Fig. 6. Tensile tests of aluminum rods. The thick black line represents the
worst case, formed by the lowest values of the tested samples.

is taken into account to create a custom sample for our

conservative model. The parameters extracted from these

experiments are summarized in Table I below.

Tensegrity Tendons. There are two types of tendons on

the tensegrity robot: actuated tendons and passive tendons.

The passive tendons are made from strain sensors (Smooth-

On, DragonSkin 20) that double as restoring springs. For

the actuated tendons, motors extend and contract fishing line

with strain sensors (Smooth-On, Eco-Flex 30) in parallel.

For the material properties of the stretchable strain sensors,

we use data reported in previous work [20]. The fishing

line is characterized using the same equipment used for the

test of the rigid materials. The data collected showed elastic

behavior with an elastic constant of kfl = 6.67 N/mm.

Tensile Test Results. Table I summarizes the main ma-

terial characteristics that are input into the simulation. The

density ρ is measured from the samples described above.

Obtained from the experiments above are the maximum

strain εmax, the maximum stress σmax, the elastic modulus E,

and the yield stress Rp0.2. The Poisson’s ratio ν is difficult

to measure experimentally, so we obtained reliable estimates

from the literature for Tough 2000 [21], PLA [22], and

aluminum [23].

TABLE I

SUMMARY OF MATERIAL PROPERTIES

Material
ρ

kg/m3
εmax

%
σmax

MPa
E

GPa
Rp0.2

MPa
ν

Tough 2000 1223.1 10.99 27.9 1.65 23.41 0.35
PLA

(15% infill)
187.5 2.5 6.56 0.505 6.27 0.328

PLA
(100% infill)

1250 2.71 50.07 3.05 48.9 0.328

Aluminum 2652 4.85 346.2 45.9 302.3 0.32
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IV. PRELIMINARY DROP TESTS

Two types of preliminary drop experiments are performed

to understand the potential failure modes during an impact. In

one set of experiments, the electronics enclosure is dropped

by itself—without the tensegrity robot to absorb the impact—

to determine if there is a critical acceleration when the elec-

tronics will fail. In the other set of experiments, the tensegrity

robot is dropped from low heights to validate the model.

In both experiments, an impact force measurement system

(Loadstar Sensors, RAP3 750 kg, DI-1000UHS-10K digital

interface, LV-1000HSUSB high-speed software) is used to

record the impact force, and the experiment is recorded using

a 240 FPS camera with a resolution of 720p. The high frame

rate video is analyzed with a tracking software (Tracker) to

measure the velocity at impact.

Electronics Enclosure Drop Test. These experiments

aim to understand if, during an impact from a fall, the

robot’s electronics can experience a critical acceleration that

would cause them to stop functioning. In these tests, the

motherboard—which carries the microcontroller and other

electronics modules—enclosed in the 3D printed electronic

enclosure, is dropped on the load plate to measure the peak

impact force until the electronics fail and the Arduino no

longer connects to the PC over WiFi.

The electronics enclosure is dropped from 0.5 m, 1 m,

1.5 m, 2 m, 3 m, 4 m and 5 m. None of these impacts caused

the electronics to fail. There were some WiFi disconnections

during the impact, but the Arduino always reconnected to

the PC without any intervention. We conclude that the

electronics will not be the limiting factor for the robot’s

critical drop height since these impacts are harsher than

what the electronics will experience during a drop with the

protection of the surrounding tensegrity structure.

Robot Drop Test. To validate the simulations, the robot

is dropped from 0.5 m onto the same load plate (Fig. 7),

and the peak force is measured to be 618 N. In order to

measure the contact time of the impact event, a 1200 FPS

high-speed camera (Phantom) is used to record the 0.5 m

drop test, focusing on the end cap covers.

In the video, the end cap cover of one of the rods remains

in contact with the load plate for three frames, so the

contact lasts for about 2.4 ms. This value is useful because

it indicates whether the damping of the robot is modeled

correctly. Notably, after several trials of the 0.5 m drop tests,

plastic deformation is observed on the aluminum rods.

V. FINITE ELEMENT SIMULATION

The first step in creating the model is simplifying the

geometry of some components since fine features pose

problems for the finite element mesh. Then, since many

components of this tensegrity robot are 3D printed with

a solid external wall and a sparse infill, we divide these

components into two separate geometries: a 1 mm external

shell and an inner core. This strategy allows us to assign

two different materials with different properties to the two

parts—which closely resembles the real components—while

retaining the accurate shape and weight for these parts.

Fig. 7. A drop test of the robot in the vertical orientation from a 0.5 m
height onto the load plate.

The CAD models used for this simulation can be found

at github.com/the-faboratory/tensegrity-fea. To limit the total

number of mesh elements in the model, the external shells of

the 3D printed parts are modeled as shell elements in Ansys

Discovery. The element size for most components is 1 mm,

except we use a finer mesh of 0.8 mm for the end caps and

a coarser mesh of 2 mm and 3 mm for the motor enclosures

and the ground, respectively. The mesh element size of each

component was chosen as a compromise between stress field

accuracy and computational cost. The model has 714,000

mesh elements in total.

The material families are selected and the properties

specified in LS-DYNA, an ANSYS module. The aluminum,

Tough 2000, and PLA that we characterized experimentally

are modeled with piecewise linear plasticity. The DragonSkin

20 used to make the end cap covers is modeled as a simplified

rubber. The motors and batteries are modeled with kinematic

plasticity and the electronics boards with polymer plasticity.

Finally, the fishing line and passive tendons are modeled as

linearly elastic springs and the shorter sensors in parallel

with the fishing lines nonlinear elastic springs. Damping is

added to the model and adjusted with the help of LS-DYNA

technical support. Ground constraints are added to model

the real load plate from the drop tests, and the simulation

duration is set to 3.5 ms.

Validation of the Model. We validate the model by

verifying the impact force, the contact time between the

robot and the ground, and the stress distribution on the main

components. The robot is placed in the same orientation as

the real experiment, shown in Fig. 7, so the robot falls in the

vertical orientation with the three rods hitting the ground at

about the same time.

As shown in Fig. 8, the simulation calculated a peak

force of 0.7 kN, a 13% difference compared to the real

experiment. From the same graph, we can see that the robot

stays in contact with the ground for 2.5 ms. In the physical

experiment, we observed the contact time of one rod to last

for three frames at 1200 FPS, or between 1.7 ms and 3.3 ms.

We also analyze the load-bearing components (the rods,

the end caps, and the external shells of the PLA components)

to determine if the simulation predicts plastic deformation.

The robot is designed to withstand repeated drops from the

critical height; therefore, any plastic deformation of its com-
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Fig. 8. Impact force calculated by the simulation.

Fig. 9. Stress distributions for a simulated drop height of 0.5 m in the
vertical orientation with aluminum rods. The main components are the (a)
end caps, (b) rods, and (c) motor enclosures.

ponents is considered failure. The maximum stress for the

rods in the simulation is 0.317 GPa (Fig. 9(a)), slightly higher

than the Rp0.2 measured for the aluminum. The maximum

stress occurs between the motor enclosure and the electronics

enclosure, which is congruent with the plastic deformation

observed during the real experiments. The maximum stress

in the end caps (Fig. 9(b)) is 17 MPa, lower than the limit

where we would expect a failure, reflecting the absence of

permanent deformations in the real end caps. Likewise, for

the PLA components, the simulation calculated a maximum

stress of 15 MPa (Fig. 9(c)), less than the measured Rp0.2

of 49 MPa. Since the aluminums rods reach the limit where

plastic deformation occurs, 0.5 m can be considered the

critical drop height for this robot.

Simulation Results. A series of simulations are launched

to determine the critical drop height of the robot in three dif-

ferent orientations: vertical (Fig. 7), horizontal, and oblique

(directly on one rod). For each orientation, we simulate drops

from 0.5 m and 1 m.

As shown previously, the critical drop height in the vertical

orientation is 0.5 m. In the horizontal orientation, the robot

survives falls from 0.5 m—no components exceed their

critical stress—but fails from 1 m (Fig. 10). In the oblique

orientation, the simulation shows very low stresses on the

main components: no failures are predicted from 0.5 m or

1 m. However, in practice, an oblique landing is difficult to

achieve intentionally.

VI. IMPROVING THE CRITICAL DROP HEIGHT

This model can be used to make design decisions that

enable the tensegrity to survive drops from greater heights.

Fig. 10. Stress distributions for a simulated drop height of 1 m in the
horizontal orientation with aluminum rods. The main components are the
(a) end caps, (b) rods, and (c) motor enclosures.

Fig. 11. Stress distributions for a simulated drop height of 1.5 m in the
horizontal orientation with titanium rods. The main components are the (a)
end caps, (b) rods, and (c) motor enclosures.

To demonstrate this utility, we changed the material of

the rods—the limiting factor in the previous experiments—

from aluminum to titanium. We purchased a 1/8” diame-

ter titanium rod (McMaster-Carr, 89055K51) and used the

manufacturer’s specifications to model the material in LS-

DYNA using the same material family as the aluminum. In

the absence of an experimental stress–strain curve, plastic

behavior was modeled using a tangent modulus ETAN =
E/100 = 0.965 GPa.

With this design improvement, the model predicts a critical

drop height for the robot to be around 1.5 m for both the

horizontal and vertical orientations. As shown in Fig. 11,

in the horizontal orientation, the end caps exceed the yield

stress by just 2.6 MPa. Also, the rods have a maximum stress

of about 828 MPa, which is just over the limit. In the vertical

orientation, shown in Fig. 12, the stress on the rods is about

850 MPa, entering the regime of plastic deformation, and

therefore the critical drop height is just under 1.5 m. The

end caps are again just 3 MPa over the limit. From 2 m in

the vertical orientation, the maximum stress on the rods and

the end caps is 890 MPa and 28.5 MPa, respectively, both

over their yield stress.

We perform more drop experiments to confirm the in-

creased critical drop height predicted in simulation. The

robot’s aluminum rods are changed out for titanium, and

we drop the robot from 1.5 m in both vertical and hori-

zontal orientations. In these physical experiments, the robot

survived a drop from 1.5 m in the horizontal and vertical

orientations with none of the components showing a visible

plastic deformation. Even though the simulation predicted

the critical drop height to be below 1.5 m, these results are

not incongruent. In the simulation, the material was only

slightly over the yield stress, and such a small excess would

generate only a small amount of deformation, which could go
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Fig. 12. Stress distributions for a simulated drop height of 1.5 m in the
vertical orientation with titanium rods. The main components are the (a)
end caps, (b) rods, and (c) motor enclosures.

unnoticed. Moreover, as we discussed in Section V, the sim-

ulation overestimates the peak force by 13%. The simulation

considers worst-case material properties and landing condi-

tions in the inherently stochastic drop test. Consequently, it

overestimates the peak force, and the robot survives slightly

above the predicted critical height. The modeling strategy

aims to avoid failure below the critical drop height. After

dropping the robot from 2 m in the vertical orientation—well

over the critical drop height—plastic deformation is observed

in the rods. These experiments validate the robustness of the

model to component variations and demonstrate its ability to

guide design decisions regarding the critical drop height.

VII. CONCLUSION

This paper presents an FEA model for estimating the

critical drop height for tensegrity robots. Material charac-

terizations are carried out for the robot’s components, and a

strategy for modeling 3D prints with sparse infills is intro-

duced. We validate the model by experimentally confirming

the impact force, the contact time, and the stress on the

components by observing the plastic deformation at yield.

Finally, we use the model to suggest a design improvement

and experimentally confirm the predicted increase in the

robot’s critical drop height.

There are still some differences between the model and

the real world. Some material properties like damping and

viscoelasticity are difficult to measure accurately. The two-

part modeling strategy for the 3D-printed components allows

assigning distinct properties, but the shell–core interaction

differs from that of the real printed parts. Additional compu-

tational resources would allow for further mesh refinement,

improving the accuracy of the stress field. The landing

surface affects the critical drop height, so we model the

load plate, but in an authentic use case, some knowledge of

the landing surface is required. Lastly, dropping a tensegrity

robot is inherently stochastic, so it is unlikely that a simu-

lation will exactly match any given drop. We mitigate these

limitations by taking conservative approaches. Future work

can lead to higher-fidelity models that give more accurate

predictions and lead to even more robust robot designs.
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