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Tendons shape the performance of biological actuators. The compliance of a tendon in series

with a muscle influences that muscle’s ability to transmit force, amplify power, or dissipate energy.
Similar performance benefits have already been realized in robotic and prosthetic systems with

compliant components. With low-cost, commercially available compliant filaments, it is now possi-

ble to fine-tune the structural properties of these compliant components during rapid prototyping.
However, tailoring the compliance of these parts for diverse tasks such as force transmission, power

amplification, or energy dissipation requires fine-grained control of a printed structure’s stiffness.
Experimental data from printed synthetic tendons are used here to inform a computational model,

mapping the space of achievable stiffnesses as a function of cross-sectional area and rest length. Re-

sults are verified by comparing the elastic modulus of a single layer of parallel fibers to the filament
manufacturer’s reported material properties. In multi-layer structures, the alternating orientation

of printed fibers from layer to layer was found to significantly influence stiffness, precluding the

derivation of this model from the filament’s material properties alone. Drawing inspiration from
biological tendon, future work will use this mapping to study the influence of custom synthetic

tendons on force, displacement, energy, and power transmission pathways between actuators and

end effectors in robotic limbs.
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1. Introduction

The physiology of animal locomotion showcases the utility of passive compliant mecha-

nisms.1 Tendons, in particular, have been shown to fulfill several physiological roles without

active control. Tendons make it possible for legged animals to recycle mechanical energy,

amplify muscular power, attenuate energy,2 and protect muscles from rapid stretch under

high loads.3 In short, tendon passively shapes the transmission of force and displacement

between muscle and the external world.

In-series compliance correlates with muscular efficiency and power transmission,4 while

correlating inversely with tensile strength5 and the transmission of muscular displacement

to the skeleton.6 These mutually exclusive optimization criteria suggest that performance

on the organismal level depends upon variation in tendon properties across anatomical sites,

each tuned to suit local functional requirements.

As a passive mechanical link, a tendon’s performance is entirely determined by its mate-

rial and structural properties. Tendons for which the recycling and dissipation of energy are

highly desirable tend to be more compliant, while stiffer tendons promote efficient transmis-

sion of muscular displacement and work. Accordingly, stiffer tendons are found in anatomical

sites such as the proximal limb that place a greater precedence on load bearing and the direct

transmission of displacement. More compliant tendons are found in physiological roles for

which energy dissipation and spring behaviors are more pressing.6 The structural properties

of tendon can be tuned through training,5 and have been shown to shape the metabolic cost

of locomotion.7
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Legged robots have already begun to achieve significant energy savings and reduce the

computational overhead of stable locomotion through the incorporation of passive compli-

ant elements.8–11 Elastic mechanisms have also been used to amplify actuator power12 and

safely mitigate large ground reaction forces, “providing the least violent landing” possible.13

Going a step further to optimize the structural properties of springs to suit their desired me-

chanical function has yielded similarly impressive results, reducing the power requirements

of a humanoid robot by 47%.14 These biologically inspired success stories motivate further

exploration of the extent to which physiological observations of the benefits of compliant

materials can be realized in legged robotic systems.

Having shown that compliant elements are capable of promoting the same functions in

engineered systems as in physiology, the next steps are to facilitate the rapid prototyping

of synthetic tendons with predetermined stiffnesses and to explore the limits of this de-

sign space. The present work characterizes the structural control of stiffness in 3D printed

synthetic tendons.

With so few compliant filaments available on the commercial market, roboticists inter-

ested in a rapid prototyping approach to tendon fabrication are able to exert more control

over structural properties than material. Here, synthetic tendons are printed with varying

structural characteristics, and their stiffnesses are determined empirically. The relationship

between Young’s modulus and stiffness is used to present a mathematical mapping between

average cross-sectional area of the printed structure and its stiffness.

Soft roboticists will already be familiar with the relationship between Young’s modulus (a

material property) and stiffness (a structural property), including the correlation between

cross-sectional area and stiffness. However, it is interesting to note that while the elastic

modulus of all multi-layered printed structures was observed to be relatively constant – as

expected of a material property – it was found to be approximately half that of a single layer

of parallel fibers. This is likely due to automated inter-layer variation in fiber orientation

during the printing process. This phenomenon is consistent with observed variations in the

elastic modulus of bone as a function of the orientation of collagen fibers relative to the axis

of strain.15,16

2. Methods

2.1. Design and fabrication

All tendons were designed in the open-source 3D CAD software FreeCAD (version 0.17).17

Modeled tendons were sliced in Ultimaker Cura (version 3.4.1),18 and printed on a Series

1 Type A Machines 3D printer.19 All tendons were printed with 1.75 mm NinjaFlex20

compliant thermoplastic polyurethane (TPU) filament at 220◦C and an extrusion speed of

15 mm/s. When printing a tendon, shell thickness was set equal to the thickness of the CAD

model and infill density was set to 100%, ensuring that the slicer would not introduce any

unfilled pockets other than those explicitly created by the authors in the CAD model.

A fixed length of 115 mm and width of 25.4 mm (Figure 1) were chosen to fit between

the clamps of the force gauge (Figure 3) while allowing sufficient space for strains in excess

of 50%. This length and width were held constant across all tendons, while the thickness

varied from 1 mm to 3 mm.

Tendons were classified in 3 ways based on pocket shape: solid (no pocket), circular, and

square. Within a shape classification, tendons were further distinguished by the pockets’

cross-sectional area, as shown in Figure 2. Pocket shape and size were uniform within a

single tendon, and varied between tendons to test their influence on stiffness.

The dimensions of each printed tendon were measured with calipers after printing, and

found to be true to the CAD models’ dimensions within the 0.1 mm tolerance of the calipers.
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Fig. 1. Outer width (w = 25.4 mm) and length
(l = 115 mm) dimensions were kept constant

across all 3D printed tendons. Thickness ranged

from 1 mm to 3 mm.
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Fig. 2. The shape and cross-sectional area of

pockets varied from tendon to tendon, but re-
mained uniform within a single tendon.

The density ρ of each tendon was calculated as a percentage of the volume of a solid

tendon (a tendon without pockets) of the same thickness:

ρ =
(w ∗ l − ap ∗ np) ∗ t

w ∗ l ∗ t
(1)

where w is the width, l the length, and t the thickness of the tendon. ap represents the

cross-sectional area of an individual pocket, and np the number of pockets in the tendon.

The average cross-sectional area at of each tendon was calculated as its solid volume

divided by its length:

at =
(w ∗ l − ap ∗ np) ∗ t

l
(2)

2.2. Empirical derivation of stiffness

The tendon was attached to the force gauge with a ribbon grip on each end. Force was

produced by stretching the tendon on an FTK100L test stand and measured with a Wagner

Instruments FDIX 100 Force Gauge. Force measurements were collected at 10 Hz using the

force gauge and the manufacturer’s MESURLite data acquisition software (version 2.0.0).

Fig. 3. The experimental setup used to mea-
sure forces and lengths during tendon data col-

lection trials. Inter-clamp distance is calculated
in OpenCV by tracking the blue gaffers tape af-

fixed to each clamp, while the force gauge up-

loads a stream of force data to a laptop over USB.

Fig. 4. An example of the force and length data
streams collected for a single tendon. Lengths

were randomized to alleviate the effects of hys-

teresis, and each was held steady for several sec-
onds in order to manufacture plateaus in the

force and length data streams.

Length was sampled at 10 Hz using video collected with the webcam of a 13-inch Mac-

Book Pro 2015 as input to a computer vision algorithm written in Python version 2.7.15.
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The OpenCV library21 was used to automate detection of blue markers adhered to each

clamp. The algorithm calculated distances between the two clamps in centimeters (di) by

multiplying the initial measured inter-clamp distance in centimeters (d0) by the ratio of the

inter-clamp distance in pixels (pi) in each frame to the initial inter-clamp distance in pixels

(p0) in the first frame:

di = d0 ∗
pi
p0

(3)

Lengths were prescribed by a random number generator in order to mitigate the effects

of hysteresis. Maintaining each length for several seconds created easily identifiable plateaus

in the force and length data streams, as shown in Figure 4. This facilitated the association of

forces from the force gauge’s data stream with the corresponding lengths from the computer

vision data stream.

A Python script was written to automatically identify the plateaus in the force and length

streams. The median value of each force plateau was associated with the corresponding

length plateau’s median value. A linear regression was then performed to characterize the

tendon’s force-length relationship. The stiffness of the tendon was calculated as the derivative

of this linear regression.

To confirm that this experimental setup can be used to accurately determine the mechan-

ical properties of printed tendons, a trial was conducted on a single layer of parallel printed

fibers. Its stiffness k was calculated using the procedure described above. Using the experi-

mentally determined stiffness and the measured tendon dimensions, the material’s Young’s

modulus (E) was calculated (Equation 4) as 11.4 MPa – within 5% of the manufacturer’s

reported 12 MP.

E =
k ∗ l
at

(4)

This tendon stretching and plateau matching procedure was repeated to characterize

each individual printed tendon.

3. Results

Equation 4 describes the well-established relationship between stiffness (a structural prop-

erty) and Young’s modulus (a material property). It can be rewritten to solve for stiffness

as

k =
E ∗ at
l

(5)

where k is the stiffness of the printed tendon, E its elastic modulus, at the printed tendon’s

average cross-sectional area, and l the initial length of the tendon at rest as measured

between the force gauge’s ribbon clamps. Tendon width was held constant across all 25 multi-

layer printed tendons, and the resting inter-clamp length remained relatively consistent at

l = 9.71±0.13 cm. It could therefore be predicted that tendon stiffness would correlate with

thickness and correlate inversely with pocket area (which decreases average cross-sectional

area, as described in Equation 2). This relationship is illustrated in Figure 5.

Stiffness is highly correlated with average cross-sectional area, as shown in Figure 6. This

figure also illustrates the fine-grained control over stiffness that can be achieved through

coarse variations in thickness and pocket geometry.

From Equation 5, we would expect the derivative of the stiffness-area relation ( δ
δat
k =

58.52 ∗ 106 N m−3) to equal the ratio of the filament’s elastic modulus E to the tendons’

resting length l. This length was relatively consistent at l = 0.0971 m. The elastic modulus
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Fig. 5. Tendon stiffness as a function of den-

sity. Markers indicate pocket shapes (square �,

circular ◦, or solid x), and tendon thicknesses are
differentiated by color (1 mm black, 2 mm green,

and 3 mm blue).

Fig. 6. Tendon stiffness as a function of aver-

age cross-sectional area. Markers indicate pocket
shapes (square �, circular ◦, or solid x), and ten-

don thicknesses are differentiated by color (1 mm

black, 2 mm green, and 3 mm blue).

for these printed structures estimated from the linear regression of stiffness-area data is

therefore calculated as

E =
δ

δat
k ∗ l = 5.68 MPa (6)

This is in close agreement with the average of individual multi-layer printed tendons’ em-

pirically determined elastic moduli, which comes to 5.91 ± 0.77 MPa.

However, the elastic modulus of NinjaFlex filament reported by the manufacturer is 12

MPa – a value verified for a single layer of parallel fibers (11.4 MPa) using the experimental

setup presented here. The discrepancy between data collected from a single layer of parallel

printed fibers and that of multi-layer printed structures is due to the alternation in fiber

orientation from layer to layer. While the fibers within one layer are printed parallel to

one another, the slicer software causes adjacent layers to be printed with alternating fiber

orientations, likely to enhance stability and strength of the printed structure. Figure 6

illustrates the significant influence of this difference in elastic modulus on the stiffnesses

printed structures.

To further investigate the influence of filament orientation on the stiffnesses of multi-

layer printed structures, 9 additional 1 mm thick solid tendons (without pockets) were

printed in different orientations on the print bed, rotated -30 to +90 degrees relative to the

orientation in which all tendons in Figure 6 were printed. All tendons in this batch were

1 mm thick without pockets (solid volume). The tensile strengths of 6 of these tendons were

also determined, using the maximum force recorded by the force gauge before each tendon

tore divided by the cross-sectional area of the tendon at rest. (Only 6 tensile strengths were

measured to reduce wear and tear on the force gauge.) The orientation of the top layer of

printed fibers was observed to vary with tendon orientation on the print bed (θfiber = 0.95∗
θtendon + 46.8 deg, R2 = 0.99). However, print angle (θtendon) was found to be uncorrelated

with both elastic modulus (R2 = 0.08) and tensile strength (R2 = 0.02). Elastic modulus

was found to average 5.73 ± 1.06 MPa, and tensile strength averaged 0.0582 ± 0.0058 MPa.

The results (Figure 7) suggest that the alternation of fiber orientation from layer to layer

confounds any trends related to the orientation of the tendon on the print bed and the

orientation of fibers in the top layer of the print.

Based on these findings, a computational model has been created to map the stiffnesses

that can be achieved with the NinjaFlex compliant filament as a function of the printed

structure’s cross-sectional area (at) and rest length (l). This map was generated for both
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Fig. 7. Although the orientation of the tendon on the print bed has a strong correlation (R2 = 0.99) with

the orientation of printed fibers in the top layer of the print, this does not seem to influence the elastic

modulus or tensile strength of multi-layer printed structures, likely due to alternation of fiber orientations
between adjacent layers.

single-layer (Figure 8, E = 12.0 MPa) and a multi-layer (Figure 8, E = 5.68 MPa) printed

structures.

Fig. 8. Response surfaces illustrating the range of stiffnesses that can be achieved in multi-layer (E = 5.68

MPa) and single-layer (E = 12.00 MPa) printed structures by varying cross-sectional area and rest length.
The color bar indicates stiffness k in N/cm. Dashed lines indicate the range of stiffnesses achievable when

rest length is held constant 9.71 cm, corresponding to the traces in Figure 6.

4. Conclusions

The granularity with which the thickness of a printed structure may be controlled may

vary from printer to printer and filament to filament, depending on the minimum viable

layer height. Tuning average cross-sectional area through both thickness and pocket area

can provide fine-grained control over stiffness (Figure 6) regardless of the achievable layer

height.

The 5.68 MPa Young’s modulus of multi-layer printed structures is a notable departure

from the filament’s 11.4 MPa. Although elastic modulus is a material property (rather than

structural) and the experimental setup was able to recreate the filament manufacturer’s re-

ported elastic modulus to within 5%, the elastic modulus of the printed structures was found

to be nearly half that of the filament itself. The stiffness of printed structures could therefore

not have been accurately predicted with Equation 5 without first empirically determining

the mechanical properties of structures 3D printed with this filament.

This phenomenon is not without precedent. For example, Refs. 15 and 16 observed that

the elastic modulus of bone varied with the orientation of its collagen fibers. While printing a

structure with a shell thickness in excess of a single layer of printed filament (≤ 0.1 mm), the
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extruder trajectory generated by the slicing software alternates the orientation of the printed

fibers from layer to layer, presumably to promote adhesion and structural integrity. The

consistency in elastic modulus among multilayer printed tendons is perhaps more notable

than their differences from that of the filament itself.

Although robots have not yet succeeded in recreating the agility and energy efficiency of

biological systems, the robotics community’s growing understanding of the role of compliant

mechanisms in locomotion has led to tangible progress. Physiological studies of locomotion

have shown that tendons protect muscle from damage, promote passive self-stabilization,

alleviate the neurocomputational overhead of locomotion, and reduce the metabolic cost

of transportation. Similarly, in-series compliance has allowed engineered systems to recycle

mechanical energy, exhibit passively stable limit-cycle behavior, and free up computational

resources previously earmarked for high-frequency state estimation and the micromanage-

ment of end effector placement.

This investigation into the structural control of stiffness in 3D printed synthetic ten-

don is intended as a preliminary fact-finding mission in the design of increasingly agile,

energy efficient legged robots. Drawing inspiration from biological tendon, future work will

use the mapping in Figure 8 to study the influence of custom synthetic tendons on force,

displacement, energy, and power transmission pathways between actuators and end effectors

in robotic limbs.

The ability to tune the stiffness of synthetic tendon also supports the rapid prototyp-

ing of prosthetics, with exciting implications for highly customizable, low-cost, open-source

prosthetic limbs that could be designed and fabricated by the end user in the comfort of

their own home.
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