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Abstract

Tension chording is a lightweight design principle in the human motion system. More muscles than
necessary are available in this system to generate motion. By using these redundant muscles the
principle contributes to the lightweight design of the motion segments. The lightweight design
benefits of the principle for technical structures loaded with bending torques were shown in prior
studies. This paper presents a pilot study on lightweight design benefits of using tension chording
for torsion loaded structures.
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1. Introduction

In the context of increasing demands on energy and resource efficiency of technical products, technical
lightweight design plays an important role in product development to put sustainability goals into practice
(the Press and Information Office of the Federal Government 2018). Lightweight design is a design
principle intended to minimize structural mass without diminishing the structure’s functions, which is
possible by completely using the structure’s load-bearing capacity. This principle can lead to energy
savings, but also to increased design and manufacturing costs. To find a compromise between cost and
value is a central issue in the development of technical lightweight designs (Wiedemann, 2007; Klein,
2013). Lightweight design can also be found in nature, where biological designs are always subject to
selection pressure which enforces solutions that are well-adapted to their environmental conditions
(Degischer and Luftl, 2009; VDI 6220-1, 2019).

An often successfully used source of inspiration for technical lightweight design is the human locomotive
system. The lightweight design of the human locomotive system results from the interplay of different
principles. One material-related lightweight design principle is the composite construction of the bone called
hierarchical bone structure (Weiner and Wagner, 1998). Additionally, the lightweight design of the human
locomotive system mainly results from the interaction of two principles: (1) Functional adaptation describes
the adaptation bone mass along main tension paths. (2) Tension chording names the usage of ligaments and
muscles to generate target movements and solving the hyperstatic system caused by redundant muscles to
minimize bending in the bone during movement generation (Pauwels, 1965; Neilson, 1993; Scott, 2004). The
interaction of these lightweight design principles results in a bone geometry in which bending stress is
minimized. By minimizing the bending stress, its variation is homogenized over time and along the bone axis.
Consequently, mass and resources can be saved (Pauwels, 1965; Mattheck, 1997). As an example for the
tension chording principle, moving a load by flexing the arm is shown in Figure 1. All of the five different
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muscles displayed can be used to achieve the movement. To decide which muscles should be used for the
movement can be considered an optimisation problem, which is described in more detail in section 2.1. As
stated before, one optimization criterion to be considered is bending in the bones, which is shown for different
muscle activities in Figure 1. Solving the problem for minimal bending load leads to decreased stress in the
structure. This stress decrease combined with functional adaptation leads to decreased bone mass.

Available actuators (muscles) Case 1 Case 2
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Flexion of the arm arm F

Figure 1. Redundant motion generation for the flexion of the arm in analogy to an example by
Richard and Kullmer (2014). Figure adapted from Figure 2 in Bartz et al. (2018a)

Some of the human locomotive system’s lightweight design principles are already technically applied.
However, designers do not consider all aspects in the application of the principles. Therefore,
lightweight design principles of the human locomotive system hold the potential for the optimization
of technical products. One of these principles that is not yet used to its full potential is tension
chording. Designers can use it to reduce bending in the structure by redundant actuators. So far,
tension chording is investigated for structures loaded with one-dimensional bending. In prior studies,
technical lightweight design potentials of tension chording for this load case were shown (Bartz et al.,
2018a; Bartz et al., 2018b; Bartz et al., 2019). Possible areas of application for tension chording are
presented in a prior study (Uttich et al., 2019), but systems in the identified application scenarios are
subject to more loads but bending, e.g. to torsion. We want to investigate if it might also be possible to
reduce these additional loads with the tension chording principle.

In this paper, we investigate the lightweight design potential of tension chording for torsion and its
superposition with bending on a beam. It is of particular interest if this principle results in a weight
saving compared to a beam with fixed support. Another point of interest is the influence of the angle
between the tension chords and the beam on the result. To answer these questions, we structured the
paper as follows. In section 2, we start explaining the effect of tension chording to a higher level of
detail, focusing on the human body first, and elaborating technical applications then. Section 3
contains the experimental and simulative setup, including assumptions and the load-bearing structure.
Last, in section 4, we discuss the results of the simulation and draw conclusions with regard to weight
saving potential compared to previous investigations.

2. Transfer of tension chording from nature to technology

Transferring and using the lightweight design principles tension chording and functional adaptation
from the human locomotive system to technology is not a new idea. Designers and researchers use
functional adaptation in various technical processes for computer-assisted structural optimization of
technical components. Examples of applications are Soft-Kill Option and Computer-Aided
Optimization (Mattheck, 1997; VDI 6224-3, 2017), Finite Element Structural Synthesis (Witzel and
Preuschoft, 2005) and processes for technical composite materials such as Reuschel (1999) and VolkI
et al. (2017). These methods are based on algorithms simulating stress-controlled material remodeling
and thus enabling a synthesis of component structures suitable for stress. The lightweight design
principle tension chording is applied in a simple manner to dynamic constructions, e.g. bionic robots.
In most applications, passive and active tension chord elements are used to generate motion and
damping while causing minimal bending stress (Witte et al., 2000; Ma&hl, 2003; Klug et al., 2005;
Ananthanarayanan et al., 2012). In contrast to the biological model, the potential of the lightweight
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design principle tension chording is not used to its full extend in these applications. Further potential
lays in including the muscle redundancy principle, as the designers of the technical systems only use a
single force to minimize external bending loads without active control. Therefore, the positive effects
of the interplay of the principles by reducing bending loads is only used partly yet. Our previous work,
e.g. Bartz et al. (2019), starts at this point. With insights from the human locomotive system, we
investigate the tension chording principle further for technological systems by using a biomimetic
development process.

A biomimetic development process consists of three steps: analyzing a biological system, abstracting
the system to a model and applying the model to develop a solution or a product. (VDI 6220, 2019).
Bartz et al. (2019) investigated tension chording in combination with functional adaptation in the
context of a biomimetic process and the focus on minimizing bending. As a result, we achieved
findings on the tension chording principle along with a technical system that implements this principle
and utilizes synergy with topology optimization methods. We could show that we can save mass by
exploiting further aspects of the principle. Nevertheless, the scope of application of the findings and
the technical principle is still limited to simple application scenarios. Therefore, we initiate a new
biomimetic process with the aim of expanding the scope of application. In order to understand our
approach better, we begin with explaining the effect of tension chording in more detail.

2.1. Tension chording in the human locomotive system

Tension chording is a lightweight design principle that utilizes functional integration for the actuation of
kinematic chains to influence the system of loads acting on the chain. Loads that have a negative
influence on the system of loads are converted into loads that are more favourable by using actuation
loads that also fulfil another function. For example, loads that lead to bending are converted to hormal
loads by an additional force that introduces a reverse bend and also generates a part of the needed
movement. Due to the reduced bending load, less bone material is required, which improves the use of
material and resources (Pauwels, 1965). Possible outcomes for technical systems depend on system, goal
and use case. For example, the structure’s mass can be reduced by also using functional adaptation,
higher loads can be moved, or higher accelerations are possible. The outcomes are accomplished by
redundant actuation with linear actuators, whose activity is optimized for the system of loads. Linear
actuators are actuators that act with a force on a structure. Examples are (artificial) muscles, hydraulic
cylinders and belts. Redundant actuation means that there are more actuators available to generate
motion of a structure than are actually needed, which is a hyperstatic system. For the human locomotive
system, we call this optimization problem the muscle redundancy problem (Neilson, 1993; Scott, 2004).
We are using Figure 1 to explain the whole idea with an example of a simplified human arm.

On the left of Figure 1, the flexion of the arm is shown, which is loaded by the external force F. In
simplified terms, the flexion movement can be performed by the action of five muscles (1.1 to 5) shown in
the mechanical model on the left side of the figure. Muscles can have more than one attachment point on
bones. To take account for muscles with different attachment areas, muscles 1, 2 and 3 are modelled with
two attachment points each. For the movement of the arm more muscle forces are available than are
needed. The muscular forces can interact in different configurations to produce the same flexion
movement. With case 1 and 2, two possible cases of muscle interaction are shown. In case 1, the flexion of
the arm is primarily made possible by muscles 1 and 4, which produces a low bending load in the forearm,
but a high bending load in the upper arm. In case 2, the movement is mainly generated by forces 1 and 2,
which minimizes the bending load in the upper arm, but increases the bending load in the forearm.

In accordance with the efforts of the musculoskeletal system to minimizing bending loads, both cases of
movement generation shown in Figure 1 are not optimal. The human sensorimotor system is responsible
for finding the optimal interaction of muscles, setting the number of muscles and the intensity of their
activation for the movement. Part of finding the optimal interaction is not only to avoid unfavorable
lever ratios and accelerations leading to bending loads. Moreover, an interaction of the muscles can be
found in which the bending load on the bone is minimized (Pauwels, 1965). As bones cannot be
remodelled to large extends by functional adaptation under changing loads, the interaction must also
find muscle forces with which the bone geometry can remain similar. With this knowledge, we
attempted to apply the principle to two technical systems under defined boundary conditions.
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2.2. Tension chording and technological applications

In order to transfer the tension chording principle to technology, we used a simple example in a pilot
study on possible benefits of the principle before investigating examples that are more complex. For this
purpose, we examine a beam articulated about the z-axis and actuated with a tension chord (Bartz et al.,
2018a). We model the tension chord as a point force at the symmetry axis of the beam. The results show
a reduction in volume to approx. 2.5 % of the volume of a system with fixed support under the same load
(Bartz et al., 2018a). Subsequently, we examined the principle for a more complex example and chose a
robot arm with simplified boundary conditions (Bartz et al., 2019). The result of the transfer is displayed
in Figure 2B. For this example, the tension chording makes it possible to reduce the mass of the
dynamically moving parts of the robot arm by approx. 40% compared to a reference system (Figure 2A)
without tension chording. To conclude, we can also save mass by using the tension chording principle
for more complex examples, but mass savings are less than for the simplified system.

Figure 2. Transfer of tension chording to a simplified robot system (A and B): Reference system
(A) and biomimetic tension chording system (B). Boom (C.1) and drag (C.2) of an excavator (C)

The applications for which we transferred the principle so far are still simple and do not allow an
immediate utilization for real-life technical applications yet. For example, we optimized the robot arm
for only one motion sequence. Therefore, we are going to transfer the principle to an application-
oriented system as the next step. For this purpose, we might have to extend the specification of the
principle. In the course of a previous investigation, areas of application for tension chording were
determined (Uttich et al., 2019). One possible application of the principle is an excavator.

An excavator roughly consists of a body, a boom and an attachable tool. The body includes, for
example, the driver’s cab and the hydraulic power packs of a hydraulic excavator. Figure 2C shows a
hydraulically driven boom (C.1) with two segments and a drag (C.2) as an attachable tool. The boom
segment connected to the body is hereafter referred to as segment 1. If, for example, the right canine
tooth of the drag as shown is engaged more strongly than the left canine tooth during soil removal,
torsion occurs. This torsion is transferred from the drag suspension via the boom to the body.
Hydraulic cylinders can be understood as linear actuators or tension chords in the context of the
tension chording principle. If the already redundant cylinders exert different forces on the structure, a
torsional moment is generated. Instead of letting both cylinders act with the same force, they could be
used to reduce torsion. The torsion resulting e.g. from the right canine tooth can be reduced by a
counter pressure of the right cylinder. In this case, the right cylinder will exert a greater force than the
left cylinder. Both are supported on segment 2 (C.1 right) near the joint to segment 1 (C.1 left). The
torsion is thus transferred from the backhoe bucket to the support point via the actuators instead of the
structure. There, however, further cylinders are attached, which transmit the torque to the middle of
segment 1, where it is transmitted via further cylinders into the body. The torsional moment could thus
be transmitted via the actuators outside the boom system. While the given positioning and number of
actuators is not sufficient to further reduce bending by using actuation redundancy, the question arises
as to whether the tension chording principle can be used to advantage for systems with torsion.

3. Experimental setup

Before we investigate complex systems that have specific boundary conditions in the future, such as the
boom presented in Figure 2C, we conduct a pilot study for a simple system in this paper. The object of
investigation are possible benefits from using the principle to minimize torsion. Since many factors
influence the potential benefit of the principle, the scope of the study is limited to a manageable number
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of factors. The first insights gained from the study help to decide which effort of investigating the
principle to a higher level of detail is worthwhile for examples that are more complex.

3.1. A load-bearing structure for one-dimensional structural optimization

In Figure 3A, the load-bearing structure of the example system is displayed. It is a beam with a circle-
shaped cross-section area. T radial lines separate and frame the beam into cylinders of height h and
diameter d;. The height is calculated by dividing the beam length I, = 1 m by the number of radial lines
T = 100. For each cross-section area, normal and shear force as well as bending and torsion moments
are calculated. These forces and moments are used to calculate the minimal diameters needed to
endure the loads at the cross-section area. In order to account for varying loads between the radial
lines, a cylinder of diameter d; is positioned at half-height of the cylinder on radial line i. As a result,
cylinders of half height (h/2) are starting at the first and last radial line. 0B displays two variants of the
tension chord attachment to the structure (Z; with Z, and Z; with Z,)).

i=1 i=2.% | i=T AA zZ;
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LW pl th | —h
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Figure 3. A. Separation of the beam into cylinders of height h for volume optimisation. B. Beam
with hinged support and lever arms for torsion compensating tension chords Z, and Z,

The volume of the structure is calculated with Equation (1) wheren =T.

dqi? +dn? _ h-
V= (St ytat) €y
To calculate a load-dependent diameter for every cylinder-segment, von Mises yield criterion is used.
The form for a beam with circular cross-section area is given in Equation (2). We take the absolute
values of normal force N, and bending moments M, and My, to use the cross-section location with the
highest load in every case. Shear forces in y and z direction are named Q, and Q,, torsion moment is

called Mq.
2
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Solving this equation for the diameter d leads to a polynomial of degree 6. Numerical methods are
used during the simulation to solve this polynomial for the maximal real value and ¢, = 210 MPa. We
use this approach as a one-dimensional structural optimization. As we assume the density of the beam
as homogenous, an optimization of the volume is equivalent to the optimization of the mass.

3.2, Structural support, load cases and actuation variants

Structural support is located on the left end of the beam. Two cases are part of the investigation: fixed
support and hinged support with one degree of freedom about the z-axis. The fixed support serves as
the basis for comparison. No actuation is used in this case. One key aspect of tension chording is
functional integration. By providing one degree of freedom about the z-axis, the actuators can be used
to move the beam about the axis and to compensate critical loads at the same time. Therefore, hinged
support is used with the different tension chording variants. Please note that, for the investigation, the
target movement about the z-axis is zero. Figure 4 contains the two structural support variants as well
as all load cases and actuation variants included in the investigation. The beam is represented as a line.
At the right end of the line, a vertical line is displayed in the x-z-plane. This vertical line is the lever
arm for the off-center attached tension chords. During the simulation, it is equal to I, = 0.1 m if
applicable. It can be imagined as a massless plate of zero thickness and infinite stiffness transferring
the forces of the tension chords to the beam.

DESIGN SUPPORT TOOLS 435

https://doi.org/10.1017/dsd.2020.60 Published online by Cambridge University Press


https://doi.org/10.1017/dsd.2020.60

vt ycF % y y? %
z(o-% z Zég_’.( z

E 4 i
M, : My, LACS AC 3
Load case: M, A, l‘A\MAy . Actuation ;«chw Mu Ay A Zo pcs l12.4c3
Bending FB B ._;_F ' case 1 (AC 1), .’Oﬁ o (e Ly IAC 1
A & 'AC2andAC3 * f A: 5 l1z.4c2
.’x: l’Bx Ix, l,fx -T,ACZ,I TAC 2
: Z
: Z ~2AC4 -,
Load case: Mg M A,;AZ My Iy Actuation Z2a09r o M, A 42” ' lzzca
" A x YA B A AL *
Torsion — Q A -:f;gg. 'case 4 /o\\—*a—"a—z iy }f-.A_y_ ]
H e z
| vz : Ix, 1'1,(, sz ¥ Z‘T.AC{ , 1z,AC4
- X > - -
H ZT.AC5.-
Load case: M M ,’Z’Azl" May M ; Actuation ﬁ:zmw M, A Vo laz acs
. N . I 1 Z,
Sfu er%qsition tiq- " };AA}(—F g cases3 0—% 4’-‘ if;;
of bendin B : AN
and torqu% | v B 7 Zy acsy Y7 Zyacs, hzacs

",xs ',Bx "xu 'r?xr ',2x

Figure 4. Load cases (left), actuation cases (AC, right) and support case fixed (left) and hinge
(right) that are included in the investigation; The angles are given relative to the beam

The load cases shown for fixed support are also used for Actuation cases (AC) 1-5. Only one actuator
is available for AC 1, 2 and 3. Depending on the case, the actuator is positioned in the middle or off-
center. With AC 2 and AC 3, torsion compensation is possible, but not with AC 1. In the superposition
load case, bending must be compensated with AC 2 and AC 3 in order to ensure the target movement.
Therefore, an additional tension chord is added in AC 4 and AC 5. These AC are also displayed in
Figure 3B. The redundancy ensures the target movement and compensates torsion. During the
simulation the values Fg = /000 N and Mg = 1000 N m are used. The absolute values of the angles
are equal for the simulation to reduce the variation problem.

3.3. Optimization

The actuator forces are determined by optimization. The total volume of the beam to be minimized is
defined as the objective function of the optimization. The objective functions are given in Equation (3)
and Equation (4).

f(Zy) =V (Z,), min(f(Z,)), AC1,AC2and AC3 (3)
f(Z1,Z,) =V(Zy,Z;), min(f(Z,,Z,)), AC4and AC5 (4)

When solving the function, the inserted force values have to fulfil an equality constraint given in
Equation (5). The constraint results from the hinge support, i.e. M, equals zero.

Z, -sin(a;) - l;;, AC1,AC2 and AC 3

Fp-lg, = {Zl -sin(ay) - L1, + Z, - sin(ay) - 5, AC4and AC5 ©)

To find the global minimum of the function, GlobalSearch of MatLab’s Optimization Toolbox is used.
The solver GlobalSearch uses the nonlinear programming solver fmincon to find the global minimum.
To put it in a simplified way, GlobalSearch uses the solver fmincon to find local minima for
optimization problems. The local minimum found depends on the initial values of the optimization,
i.e. the first values for the variable when the optimization is started. GlobalSearch uses several initial
values to find various local minima. The function then finds smallest of those minima and returns the
function input values for the global minimum.

3.4. Discussion of assumptions and boundary conditions

For the pilot study in this paper, we synthesized a system that is simple in comparison to the systems
presented in Figure 2. We aim to evaluate the feasibility in terms of achievable weight savings for the
loaded structure of the synthesized system. If weight cannot be saved for the synthesized system, it is
unlikely that weight savings are possible for systems that are more complex. In real-life applications,
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the costs associated with the application of the principle also play an important role in determining the
benefit of the principle besides the achievable weight savings. Additionally, we must consider the
technical implementation of tension chording principle-based solutions. Notably, the weight reduction
potential also depends on the technical realization of the system at hand.

The total weight of a system consists of the weight of the individual components. A weight reduction of
one component can lead to an increase or decrease of weight for another component. This depends on
how the elements are connected in the system. For example, reducing the weight of an excavator arm can
also reduce the counterweight in the body. However, if the principle requires additional actuators in the
system, the total weight increases again. In order to be able to make a statement on the total weight
saving, we must know the technical specifications of all components. The investigations in this paper are
therefore limited to the achievable weight saving of the structure as shown in Figure 3A.

The achievable weight saving of a structure is influenced by various factors. In addition to the material
properties, the external loads and the loads introduced by the actuators are also important. The
material properties mainly determine the mass of the system. Since Bartz et al. (2018a) already
investigated how tension chords can compensate the bending caused by the weight of the system, it is
not part of this investigation. The weight force caused by the mass is therefore not taken into account
any further. Instead, two load cases and their superposition are investigated with straight bending and
torsion. Only one load per load case is taken into account, .i.e. one load causing bending, one load
causing torsion, and their superposition, in order to limit the scope of the investigation. The loads are
modelled as point forces on the system, area loads are not considered.

Considering the force balance of the system, loads that can be introduced by the actuators depend on
several factors. The number of actuators determines how many different loads can be compensated,
i.e. become zero for the system. However, without further factors, no conclusions can be drawn as to
which loads can be minimized by the tension chords. Instead, the position of the actuators and the load
application angle between the tension chords and the structure need to be considered as well. The
investigation is limited to two actuators, which is assumed to correspond to the minimum number of
actuators required to compensate for two load cases. Pauwels (1965) has found that the area of the
load introduction is also important. He shows for the human locomotive system that muscles
connected to the bone over a certain area lead to more favorable structural loads than point forces. Yet
for this pilot study, actuator point forces are sufficient to further reduce the complexity of the example
system by omitting actuator surface forces. In a previous study on minimizing bending by tension
chords (Bartz et al., 2018a), the tension chords could only apply forces in one direction along their
axis. In this study, the actuators are able to apply forces in both directions along their axis in this
investigation. Thus, tension-compression actuators are included. The results might show in which case
pure tension or compression actuators provide a benefit. In order to investigate the influence of the
load application angle on the structure weight, the angle is varied.

The technical feasibility of the determined results may not be given depending on the application. In
this case, the actuators play a role in combination with the structure and the occurring load cases. For
example, the reaction time of the actuators can be too slow to minimize the occurring loads. Another
example could be that the required load application angles cannot be achieved for the intended motion.
These and other cases depend on the boundary conditions and require further investigations which
exceed the scope of this pilot study.

4, Results and discussion

Within the scope of the investigation, the weight savings that can be achieved compared to a reference
system are examined for different load cases, actuator positions and angles. The results of the simulation
are shown in Figure 5. The relative volume expressed in percentage is plotted on the ordinate. It is
calculated from the result of the volume optimization of the corresponding actuation case (AC) and load
case divided by the volume resulting for the fixed support and same load case. The closer a value is to
100%, the lower the volume savings compared to fixed support. On the abscissa, the angle of the tension
chords according to Figure 4 is plotted. The angles were varied between —90° and 90° in 1° increments.
For AC 4 and 5, the absolute values of the angles of the two tension chords are set equal in order not to
reduce the size of the variation problem. Outliers can be identified which can be eliminated by improved
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optimization settings for these cases. No value is available for an angle of 0° in all load and actuation
cases, as the tension chords cannot fulfil the equality constraint in this case.

Volume for different angles, loads and actuation cases
A. Bending B. Torsion
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Figure 5. Relative volume resulting for actuation cases (AC) 1 to 5, angles from -90°to 90 °and
load cases bending (A), torsion (B), their superposition (C) and a detailed view on the
superposition from -15° to 15° (D)

A comparison of the various load cases and AC 1 to 3 shows the influence of the equality constraint
(Equation 5) of the optimization and the angle between the tension chords and the beam on the results
for the individual AC. In the torsion load case (Figure 5B), AC 1 is overlapped by AC 2 and 3 and they
are all equal to 100%. Theoretically, the off-centered positioning of the tension chord in AC 2 and 3
could reduce the torsion. If the torsion is compensated in one of these cases, the tension chord
simultaneously causes a moment about the z-axis. However, the moment about the z-axis must be zero
due to the equality constraint, so the constraint can only be met if the tension chord force is zero. A
single tension chord used for torsion therefore cannot generate movement and compensate torsion at the
same time when the bending is zero. On the other hand, as to be seen for the load case bending (Figure
5A), when the tension chords generate movement, they also introduce torsion and a bending torque into
the system. Because of these extra moments, the volume of AC 2 and 3 is larger than the volume for AC
1. For the angles —90° and +90°, only torsion is added to the total load when fulfilling the equality
constraint by the tension chord of AC 2 and 3. This is possible because the tension chord force is
pointing into the y-direction for these angles. If the absolute value of the angle is smaller than 90°, a part
of the tension chord force points into the x-direction which leads to a bending moment about the y-axis.
The smaller the angle, the smaller the portion of the tension chord force acting in the y-direction which is
needed to compensate the bending force. At the same time, the portion of the tension chord force acting
in the x-direction increases with a decrease of the absolute value of the angle. This increases the bending
moment about the y-axis and leads to a curve which reminds of a x>-function. For small absolute values
of the angle, the volume value calculated for the load case and fixed support is exceeded due to this
bending moment. But the extra torsion moment introduced by the tension chord can also have a benefit,
as to be seen for the superposition of the load cases (Figure 5C). AC 1 can only compensate bending as
the tension chord force has no lever arm to the x-axis. It serves as the reference value for the two other
one-chord AC. As discussed, both AC 2 and 3 provide additional moments to the beam when fulfilling
the equality constraint. Depending on the position of the tension chord, the torsion added by the tension
chord either reduces (AC 2) or increases (AC 3) the torque the system is loaded with. As in the bending
load case, the two AC are depending on the absolute value of the angle. Both curves have a small
inclination towards the higher volume values between the absolute angle values 90° and 45°. Starting
from 45° towards 0° absolute value angle, the inclination increases. As in the bending case, volumes of
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AC 2 and 3 for angles close to zero exceed the volume calculated for fixed support and the same load
cases. To conclude, using one tension chord only with the intention to compensate torsion is not
promising. However, depending on its position it can be useful to reduce torque when mainly
compensating bending. Especially for angles close to zero, an off-centered position of a single tension
chord that is simultaneously used to generate a movement should be avoided. Instead, a centered
position of the tension chord in which it does not influence on the torsion should be preferred. However,
by adding a second tension chord some of the problems of using only one tension chord might
compensate some of the additional moments one off-centered tension chord creates.

The influence of the angle and the equality constraint is also present for two tension chords as in AC 4
and 5. In AC 4, both tension chord forces point into the same direction (Figure 4). In the torsion load
case, the sign of one tension chord force must be negative while the other must be positive to ensure the
equality constraint and to compensate the torque. Yet, this leads to a bending moment about the y-axis.
With decreasing absolute value of the angle, the bending moment becomes higher in relation to the
torsion that can be reduced at the same time. Therefore, a decreasing amount of torsion is reduced for
angles closer to zero. In contrast, AC 5 can reduce most of the torsion. In this case, the x-component of
the chord forces points in the same direction, while the y-components point in the opposite direction. For
torsion, this means that the bending about the y-direction introduced by one chord is compensated by the
bending introduced by the other chord. Therefore, the volume only depends on normal forces caused by
the tension chords. While the angles get closer to zero, it is beneficial to reduce a decreasing amount of
torsion as the normal forces become larger. For the load case bending, the directions of the tension chord
forces of AC 4 are more beneficial as the ones of AC 5. The volume values of AC 4 overlap the values
of AC 1. For this load case, the bending about the y axis is compensated in actuation case 4, while it is
added in AC 5. Yet, the bending about the y axis introduced by AC 5 is smaller for most angles as in AC
2 and 3. For angles with absolute values of less than 7° results for AC 4 are better than for AC 5, as can
be seen in Figure 5D. Another aspect that is visible in Figure 5D is the congruence of values for AC 4
and AC 1 for angles of absolute value 10 or smaller. For these small angles, compensation of torsion is
not beneficial in AC 4. To conclude, the results show that the arrangement of the tension chords plays a
decisive role for the benefit of the principle. Tension chords can reinforce each other or, depending on
the constraints, fail to achieve their purpose and, in the worst case, increase the total load. For all angles
and AC 4 and 5, tension-compression actuators are necessary to compensate torsion, thus tension
actuators as in Bartz et al. (2018a) would not work for the given AC. Further research could investigate
whether another tension chord can bring advantages.

With the investigations we have shown that volume of the structure can be saved under torsion load
with the tension chording principle. For the evaluation of the lightweight design use, the boundary
conditions must become more specific. We cannot evaluate it in general terms, which AC is
particularly good regarding further influencing factors with a generic system as used in this paper. For
this reason, we must apply the tension chording principle to a more specific use case and evaluate it
based on the boundary conditions and requirements.

5. Conclusion

Previous work has shown the benefits of tension chording as a lightweight design principle for structures
subject to bending loads. In this paper, we make a pilot study on using the principle for torsion loaded
structures. We show that the tension chording principle can also lead to volume savings in this case.
However, the savings for torsion reduction are not as high as for bending reduction and — as identified
for bending before — depend on both the actuator position and the number of actuators. In addition, the
results for torsion are more sensitive to the angle between the actuators and the beam compared to the
results generated for bending. The system is a basic example with many limiting assumptions, which do
not allow an absolute statement on the lightweight benefit yet. Statements that are more general would
only be possible when varying a large number of influencing factors, which would become a complex
and time-consuming task. This calls for a design of experiment approach, which needs to be triggered by
more concrete assumptions and limitations related to a technical application. So as the next step, we are
going to apply the principle to systems with concrete boundary conditions and specifications. With the
specific benefit for these systems, we can make assumptions about the benefit for similar systems. These
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assumptions will then support the general statement on the potential of tension chording as a lightweight
design principle. For a designer, this pilot study can serve as an impulse for new lightweight design
concepts of kinematic chains. Future investigations and applications of the principle might fortify the
benefits identified in this pilot study also for real world applications.
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