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Abstract: Introduction: This study describes the theoretical foundations of the development of an
equation that allows for the estimation of the mobilized load when training with suspension devices
(type TRX®) and presents a mobile application as a means for its use. Methods: Systems of equations
are proposed of which the terms depend on the angulation of the device with respect to the vertical
(angle o), the relationship between the height of grip, the height of the center of mass and the weight
of the subject, which are recorded from a photo. Results: Based on the photo and the subject’s
standing height, the application allows the user to measure the angle «, providing the values of
applied force (in N) and mobilized load in relation to the percentage of body mass, applying the
calculations described in our equations. The equation also provides the estimated value of the load
mobilized during a push up on the floor (68% of the subject’s body mass) and the equation for the
calculation of the mobilized load when the suspension device is fixed to the feet. Conclusions: It
is possible to use equations to estimate the load mobilized in each repetition during training using
suspension devices and to implement this algorithm in a mobile application.

Keywords: suspension; training; TRX®; load; quantification

1. Introduction

In recent years, different mobile applications (apps) have been developed to quantify,
store or organize training parameters using sensors integrated in a Smartphone (GPS,
gyroscopes, camera, accelerometers, etc.) without the need for other external devices
(wearables). The data provided directly from the sensors can be used by the apps to
calculate kinematic parameters. These parameters, when suitably presented, can constitute
an important source of information for users.

These apps are increasingly accepted by the professional and scientific community,
to the point of becoming valid alternatives to more expensive equipment used to date to
perform biomechanical measurements. For example, My Jump 2® [1] and Kinematic lab
jump® [2], use video analysis to provide the flight time of a vertical jump, which allows
its height to be determined. Other apps, such as Runtastic® [3] or Endomondo® [4], use
GPS to provide speed and position values. Accelerometers and gyroscopes integrated into
phones are also used by certain apps, like Dorsiflex® [5], to measure joint range of motion.

Although the range of available applications covers a wide spectrum of physiological,
kinanthropometric and fitness parameters, an app that estimates the load mobilized during
a repetition of suspension training has not been developed to date. The benefit of an app
that estimates the load mobilized during this type of activity lies in the popularity acquired
in recent years by the TRX® system (Fitness Anywhere LLC, San Francisco, CA, USA) and
other similar devices. These tools are made of inextensible straps that allow the user to
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grip or attach him-/herself to one of the ends, while the other one remains anchored to a
fixed structure, in order to perform resistance training in suspension or by traction.

Portability, versatility and the possibility of varying the load through changes in body
position or grip have made these devices a popular means of training among different
populations. To use this training element, one of the ends of the tape is fixed securely to
a structural anchor (trellis, door frame, wall, training frame, etc.), while the free end is
grasped by the subject, who performs the exercise by mobilizing a proportion of his/her
body weight on a point of support. The wide variety of available exercises means that the
free end of the strap can also be placed around one foot or both feet, thus moving the load
to the arms, which perform the exercise, supported by the ground. The problem that arises
during the use of these training systems, at least initially, is that the load that is mobilized
in each repetition is difficult to estimate in real time. This is an important limitation for
adequate exercise prescription, given that the subject works with a percentage of his/her
own body mass that varies depending on the inclination of the body [6,7].

There are different procedures for estimating the load of suspension training. Surface
electromyography (EMG) has been the most used method by researchers to quantify the
load [8-10]. Others have used forces recorded by dynamometers and force platforms from
the inclination of the body with respect to the ground and other postural considerations of
execution [6-9]. In other cases, the number of repetitions and the indication of a percentage
of maximum heart rate during exercise have been used as a means for estimating the
load [6,11,12].

The training objectives when exercising with suspension devices are varied and can
include strength development, balance, flexibility, abdominal and postural stability [13].
Additionally, the results obtained through their use either independently or in comparison
with other types of exercise have proven to be similar [6,10,14-16].

The subject perceives that a greater degree of inclination implies a greater effort, but
he/she cannot quantify the amount of body weight moved. One proposal is to estimate
the load based on the level of difficulty, taking as a reference the body’s position on a
mat on which levels are defined, ranging from easy to hard [17]. Other authors propose
equations based on the recording of measurements of the different forces involved in the
execution, considering the inclination of the body with respect to the ground and the point
of support [7,18-20]. Finally, others also provide angular references and their relation to
the load in each phase of the exercise [21].

Therefore, to address the issue of quantifying the training load in suspension quickly
and cheaply, we propose the use of equations in a mobile application to estimate the
muscular force applied in each repetition.

2. Objective

The main objective of this technical note is to present a system for estimating the load
mobilized during exercise in suspension training using a mobile application created for
this purpose (Kinematic Lab susp®).

As a secondary objective, we have developed the theoretical foundations for the
equations proposed to estimate the force developed by the subject.

3. Methods
Operation of the App

The Kinematic Lab Susp® mobile application was developed to estimate the load that
is mobilized during each repetition in tensile or suspension exercises. The app records the
initial angle of work, formed by the vertical projection of the fixed end to the structure and
the tape of the device.

The present study is a strictly theoretical proposal for the calculation of the mobilized
body weight during suspension training, which has not had an experimental group of
study subjects. To verify the coherence of our calculations, we have used the work of
Melrose and Dawes [7], which proposes regression equations to estimate the percentage of
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mobilized body weight depending on the angle of inclination of the subject with respect to
the vertical.

To collect the measurements, a photograph must be taken perpendicular to the plane
of execution of the movement, in which the anchor point of the TRX® can be located to a
fixed structure (this point must be marked by the user of the application on the photograph).
From this photograph, the application will draw a vertical line that constitutes one of the
arms of the angle of interest («). The other arm of the angle a corresponds to the path
that the tape follows from the anchor to the gripping point of the subject performing the
exercise. Therefore, the second mark the user makes on the photograph must be at some
point on the tape itself, so that « is defined by the vertical projection of the anchor and the
TRX® tape. Prior to the inputting of this information, the application requires a set of data
on the subject performing the action, which is used to estimate the mobilized load: the
height at which the TRX® is gripped (head, chest or abdomen), the subject’s height (in m)
and their body mass (in kg).

At the time of taking the photograph and during the execution of the exercise, there
are two mandatory conditions: (i) the subject maintains an angle of 90° between the body
axis and the TRX® tape, and (ii) the tape maintains its tension so that its trajectory is straight
at all times.

4. Equation Proposal

The base calculation solves a static problem which must take into account the dis-
position of the elements of the system with their respective angles, and the different
forces involved.

The initial composition of the angles are represented in Figure 1.

1y

Initial position

Figure 1. Initial position and reference angles for the calculation.

It is important to make reference to the relationships between the angles to be able to
perform the calculations and properly locate the forces. Note, for example, that to have
a clear reference of the value of the angle () the position of the arms with respect to the
trunk must form an angle of 90°. The forces of this system are represented in Figure 2:
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Initial position

y = 90°
90° — B + a + 90° = 180°

Figure 2. Representation of the forces involved in the system.

Once the forces have been located and represented, the condition of equilibrium is
imposed for the calculation, that is, the sum of all the forces and moments at the initial
time of the movementis0 (Y F =0, Y M = 0).

Separating the forces into their components and determining the systems of equations,
the result would be:

x=Fp—F =0 @)
y=F+FN-mg=0 (2)
M = F-dy —mg-cosa-dy =0 3)

The system pivots on the ground, just above the point of support of the feet. There are
two forces that generate moment (M); one is the force (F) and the other is the component y
of the weight (mg).

In the case of an exercise in which the suspension system is at chest height, d is the
distance between the ground and an average distance between the shoulders and the chest
(76.5% of the height) and 4 is the distance from the center of gravity to the ground (56% of
the height). Anthropometric tables of corporal proportionality in adults have been used for
the determination of these distances necessary for the calculation [22].

Based on these equations, and knowing the mass (in kg) and height (in m) of the
subject and the angle « (in degrees), the value of our unknown quantity (F) is obtained by
solving for F in the moment equation (M):

Ffp —Fsina=0

F cos a+Fy—mg=20

F-dy —mg-cosa-dy =0 =
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Work with the suspension system

at chest height

\¢

_______________

F = mg-cosa-== (in N) (4)

d

If the value of F (in N) is divided by g the result is expressed in kiloponds (kp), which
corresponds to the value in kg.

Given the great variety of exercises that can be performed with suspension systems
and the influence of the height of the grip on the mobilized load, Kinematic lab susp makes
it possible to choose the position from which muscle strength starts to be exerted from four
options, using a different algorithm for each position (Figure 3):

- Exercises in which the system is at the level of the head, in which case d; = 93.6% of

the subject’s height.

- Exercises in which the system is at chest level, in which case d; = 76.5% of the
subject’s height.

- Exercises in which the system is at the level of the abdomen in which case d; = 63%
of the subject’s height.

- Exercises in which the subject is suspended by the feet and supported by their hands
on the floor, in which case d; = 81% of the subject’s height and dp = 56%.

The values of the distances d; and d; have been determined through body proportion-
ality data obtained from the literature and simplified for the calculation [22].

Work with the suspension system
at abdomen height

Work with the suspension system
at head height

Figure 3. Different options for exercise positions.

Figure 3 shows the different options for exercise positions. Training options should
include the support position of the hands on the ground (shown in Figure 5).

It should be borne in mind that the orientation of the subject (with his/her front or
back to the anchor point of the suspension system) does not affect the load to be mobilized,
but rather the muscles that are recruited to mobilize the load effectively. It is not the
same to pull the suspension system towards the chest, where the agonist muscles are the
interscapular and other dorsal muscles, as it is to push on the suspension system, in which
case the agonists are the pectoral and elbow extensor muscles. In both cases the load to
be mobilized is the same, but this aspect is important because it can affect the perception
of intensity.

5. Results

An algorithm was developed for the calculation from Equation (4), through which
the mobile application provides the estimation of the load that is mobilized from the
initial position.
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For this, the operator must provide information on the initial grip position (out of
four options), the subject’s height and body mass. Then, the subject must provide the
photograph for determination of the working angle (x). Next, the application calculates the
results for different working angles (between 10° and 55° with respect to the vertical) and
different grip positions for the same subject of mass 60 kg and 1.60 m in height, in relation
to % body weight mobilized in each repetition (Table 1 and Figure 4).

Table 1. Weight distribution according to working angles and grip positions. Data are for the same
subject of mass 60 kg and 1.60 m in height, and expressed as the percentage of body weight mobilized
in each repetition.

Angle % Abdomen Weight % Pectoral Weight % Head Weight
10 88 72 59
15 86 71 58
20 84 69 56
25 81 66 54
30 77 63 52
35 73 60 49
40 68 56 46
45 63 52 42
50 57 47 38
55 51 42 34

100
0

10 15 20 25 30 35 40 45 50 55

B % abdomen weight ® % pectoral weight

% head weight

Figure 4. Percentage of load depending on the angle and height of the grip.

The data indicate that as the working angle («) increases, the initial load to be mobi-
lized by the subject decreases and that the position of the initial grip with respect to body
height also influences the mobilized load value. With the provided corporal proportionality
references, working with a grip at the height of the abdomen implies an increase in the
initial load to be mobilized of between 9% and 17%, depending on the angle of work with
respect to the work done with the grip at chest height. In addition, a grip at abdomen
height implies between 17% and 30% compared to a grip at head height. Therefore the
highest loads are mobilized working with the grip at the level of the abdomen. It must be
considered that the intensity perception of an exercise can be more related to the abilities of
the involved muscles to generate force than with the value of the absolute load mobilized
during the execution.

Data from the present technical note indicate good agreement (r = —0.99) with those
provided by the equations proposed by Melrose and Dawes [7] for values of 30°, 45°, 60°
and 75° (Table 2), taking into account that these authors measured the angle formed by the
inclination of the body with respect to the vertical, which is the complementary angle to
that recorded with Kinematic Lab Susp.
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Table 2. Correspondence between the mobilized weight when considering different angles and their
complementary ones (based on the equation of Melrose and Dawes [7]).

Melrose and Dawes Kinematic Lab Susp
Anele Percentage of Body Complementary Percentage of Body
8 Weight Mobilized Angle Weight Mobilized
30° 37.44 £1.45 60° 37
45° 52.88 £ 0.59 45° 52
60° 68.08 £ 1.95 30° 63
75° 79.38 £2.14 15° 71

6. Other Proposals for Calculation

If the subject exercises suspended by their ankles (Figure 5), the force supported on
the arms can be calculated in the following way (Equation (5)):

Work with the suspension system
fixed at the ankles

Figure 5. Force system when the subject is suspended by the ankles.

Again, the equilibrium condition, in which the sum of forces and moments must be 0,
is imposed:
T+F—-P=0=T+F=mg

mg-dy —F-dy =0

The distances and the mass are known, so that by solving for F the following is left:
dy ,.
F=mg-—= (inN) (5)
dy

To obtain the equivalent value in kg the value of F can be divided by g, to obtain kp.

This value could approximate the load value that the subject supports in the initial
position of a push-up on the arms with an arms—trunk angle of +30°, which in this case
would be 68% of body weight, very similar to the value reported in the literature [12,23].

If the feet are at an angle with respect to the horizontal, the calculation is more
complicated due to having to consider the components of some of the forces that appear
and the value of the coefficients of friction at the contact points. For small values of
«, the force necessary to maintain the weight of the subject in these situations can be
approximated by the equation:

F= mg-g—j (inN)
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In the previous equation, after discarding the components of the forces and frictions,
there is no term that depends on the angle «, although intuition and experience tell us that
by varying the inclination of the feet with respect to the point of support, the necessary
force varies, so the dependence on the angle seems clear.

If all the forces and their components are considered, these dependencies on « appear
in the equations. Although Kinematic Lab Susp does not perform this calculation, we
propose the following systems of equations for this estimation:

The conditions of equilibrium impose that the sum of forces and moments is 0:

Y F=ma—a=0

Y M=Ia—a=0

where ) F is the sum of the forces applied by the subject at the points of contact with the
ground (in N), m the mass of the subject (in kg), a acceleration and ) M is the sum of the
moments generated by the forces, dependent on their moment of inertia (I) and the angular
acceleration (o).

There are four forces that generate moment: the weight (P), the normal force (N), the
friction force (F; ) and the component of the force on the x axis (Fy). This is represented in
Figure 6.

Figure 6. Force system in the push up position.

Our unknown is F, which corresponds to the force necessary to maintain the corre-
sponding part of the subject’s weight. To arrive at F;, we propose a system of equations
that can be expressed as follows:

Equations for forces in x and y:

inx = Fx —Fc =0, where F, x = u-N
iny=N-mg+F =0
Equation for moments (M):
d-mg-sin(90° — a) — £-N-sin(90° + a) + ¢-F, x-sin « — h-Fy-sin 90° =0

Substituting F,  for its equivalence : p-N and applying trigonometry in the moment
equation, the three equations become:

UN —F, =0

d-mg-cosa — ¢-N-cosa + {-uN-sin « —h-F, =0
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We solve for N in the first equation (N = %) and we substitute the value of N in the
2nd and 3rd equations:

Fy
——-mg+F =0
" &y
Fy .
d-mg-cosw — £-7~ cosa + {-Fy-sin o« — h-Fy =0
Solving for F, in this last equation and simplifying the terms we have left:

d-mg- cos w

F =
g ﬁcoszx—f sin o+ h

If we recover the equation of the forces in the y-axis (N — mg + F, = 0) and we insert
the new known values, when we solve for F, (which is really our unknown), we obtain:

E—m Rk d-mg- cos w
y =M u  l-cosa—{y-sin o+ p-h

—mel1— d-cosa
=™ (-cosa —{ y-sin a + p-h

d-cosua
Fy_mg<1_£-coszx—£y-sin oc+]/t-h) ©)

In view of this last equation (Equation (6)), it seems clear that the angle formed by the
trunk with the horizontal affects the force to be developed by the arms, as indicated by the
terms with sines and cosines. If we go to an extreme case, for example, an inverted arm
support, so that the angulation of the trunk is 90° with respect to the horizontal, and we
substitute the corresponding value of the sine and the cosine we see that the force that the
subject must exert is:

F,=mg(1— 0
y=mg l-cosa — L p-sin a+ p-h
That is, their own weight, which gives coherence to our calculation.

7. Discussion and Conclusions

The proposed equations in this technical note are a first approach toward quantifying
the load mobilized during suspended exercise. In this first step, we focused on verifying the
validity of our equations with data from a previous work. Further studies are warranted to
verify these calculations in experimental contexts.

It is possible to theoretically estimate the load mobilized during training with suspen-
sion devices by determining the angle that the belt of the training device forms with the
vertical and the height of the grip in relation to the subject performing the action. These
data show an almost perfect agreement with those obtained experimentally in the litera-
ture [7]. The equations that allow these calculations and how they have been implemented
in the development of a mobile application are presented. Secondarily, this technical note
proposes another equation which can be used to estimate the load mobilized by a subject
during a pushup based on his/her weight and height.
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authors have read and agreed to the published version of the manuscript.
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