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Abstract

:

This article evaluates the redistribution of forces to the parachute harness during an opening shock load and also defines the ultimate limit load of the personal parachute harness by specifying the weakest construction element and its load capacity. The primary goal of this research was not only to detect the critical elements but also to gain an understanding of the force redistribution at various load levels, which could represent changes in body mass or aerodynamic properties of the parachute during the opening phase. To capture all the phenomena of the parachutist’s body deceleration, this study also includes loading the body out of the steady descending position and asymmetrical cases. Thus, the result represents not only idealized loading but also realistic limit cases, such as asymmetric canopy inflation or system activation when the skydiver is in a non-standard position. The results revealed a significant difference in the strength utilization of the individual components. Specifically, the back webbing was found to carry a fractional load compared to the other webbing used in the design in most of the scenarios tested. Reaching the maximum allowable strength was first achieved in the asymmetric load test case, where the total force would be equal to the value of 7.963 kN, which corresponds to the maximum permissible strength of the carabiner on the measuring element three. In the same test case, the second weakest point would reach the limiting load force when the entire harness is loaded with 67.89 kN. This information and the subsequent analysis of the individual nodes provide a great opportunity for further strength and weight optimization of the design, without reducing the load capacity of the harness as a system. The findings of this study will be used for further testing and possible harness robustness optimization for both military and sport parachuting.
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1. Introduction


In order to follow the modern trend of using lightweight materials and optimized product design, it is necessary to focus on the individual construction elements and dimension them exactly according to the expected requirements. Nowadays, proven designs of parachute harnesses are commonly used, which do not differ greatly in the materials and construction elements used. [1]. The effective sizing of individual elements is only possible when detailed information about their loading is available. This is the aim of this research, which in principle, can be divided into three main stages. The first stage is to obtain the opening shock force, which characterizes the aerodynamic parameters of the canopy. This force is then applied to the harness worn by a dummy fixed in different positions. The final stage is to identify the decomposition of this total force into the individual structural elements. This information is then used for evaluating the load capacity of the elements and to gain insight into the possibility of subsequent optimization of the structure. In the results section of this research, it is shown that the safety margins of the separate construction elements differ significantly. This suggests a unification of the safety coefficients of the individual components when the maximum required load is reached. The outcome would be a lighter overall structure. However, the intention is not just to analyze the case for one specific loading force representing a particular canopy during its opening shock load test. The objective is to obtain a percentage value of the total force that will be transmitted to each node and to prove or disprove that this redistribution is constant over a certain range of loading. Expressing this dependence would imply the possibility of applying the presented results without restriction on the magnitude of the total force, in other words, for arbitrarily chosen canopies and activation parameters.



Nowadays, structural overload tests, which include the entire sequence of canopy activation, are considered standard [2,3]. The procedure is performed based on the Technical Standard 135 published by the Parachute Industry Association (PIA) [4]. These types of tests evaluate whether a harness shows signs of mechanical damage after activation under specific conditions. Capture 4.3.6, named “Structural Overload Tests”, defines the general conditions for a drop test that the complete parachute assembly or separate components must withstand. This approach has a major disadvantage for the proposed force redistribution analysis, since dropping a dummy from an airplane or helicopter does not guarantee an exact position when the rescue system is activated. As will be shown in the results section of this document, not only does the opening shock load play a major role but also the direction of it does. In fact, the proposed test methodology is a combination of dynamic and static tests that are primarily used for the certification of paragliding harnesses and work at heights for safety harnesses [5,6,7]. They have a common main feature, namely, the fact that both force and position conditions are precisely defined.



The possibility to divide the parachute assembly test into separate tests of individual components allows one to obtain the dynamic opening force of the canopy first, and then apply this force to the harness as a static load. This makes it possible to position the dummy in the different setups and evaluate the required influence of the skydiver’s body position, asymmetry during parachute activation, and the tightening or loosening of each strap.



To achieve the above goals, the following tasks were completed. The first step was the development of the drop test laboratory and methodology. The most important factor was reaching the activation speed exactly according to the specification. This was achieved using a real-time measurement of the speed together with a backup timer. Data logging of the forces in the connection between the parachute and ballast is performed at a frequency of 200 Hz. The opening force is recorded by measuring the carabiners, so it is possible to reach force on both attachment points. A similar logging of the force has been presented in this publication [8].



The next challenging step was to measure the force in flexible straps. Few studies have focused on the measuring tension in flexible structures, such as parachute fabric, but for the purpose of the proposed aim, this could not be used [9,10,11]. The requirement for strain gauges developed, especially for the purpose of this research, was that they be versatile enough to be used regardless of the exact type of strap on with which they were installed. The second important goal was to minimize the influence of structural rigidity. Preferably, the measuring components were made of parts from which the harness itself is assembled. The main advantage of this research is that it provides a very detailed analysis of the distribution of forces in the individual parts of the harness. By achieving dimensionally small load cells, it was possible to install the strain gauges in all the necessary places so that a load from the individual nodes was captured during one harness load cycle. In order to obtain comprehensive data, the different dummy positions that may occur when the rescue system is activated were also investigated.



Information about the forces in the individual parts of the harness gives the possibility to analyze the dimensioning of each part according to the required load. Thus, by evaluating the data, it was possible to identify the critical elements for different dummy configurations and harness settings. Subsequently, identifying non-uniformity in the sizing of the individual elements based on their actual loading is also very important information. The outcome is, therefore, a vision of significant weight savings without affecting the load capacity of the whole system, once the above results are incorporated into the design of the new version.




2. Materials and Methods


2.1. Design of the Tested Harness


For the purpose of the test, a fully articulated harness from serial production has been chosen. However, all non-load-bearing elements that increase pilot comfort were intentionally removed. The aim was to extract only the structural frame to obtain more variability in the positioning of the measuring elements. Because the removed elements do not affect the strength of the harness, similarity to a fully equipped harness intended for real use is guaranteed. The complete scheme of used materials is highlighted in Figure 1.



Straps of the same width were used for the entire harness. The only differences are in their declared strengths. Regarding the buckles, the exact types are also shown. The names stated in Figure 1 are the trade names of the buckles. It is therefore possible to trace their exact parameters, which will be discussed further in the following section.




2.2. Equipment for Measuring Forces in Webbing


Measuring the forces in a flexible structure, such as parachute webbing, is a very specific issue. The main reason is that straps in the final configuration are not uniformly loaded in most cases. It is necessary to consider, for example, the partial loading of the sides of the strap due to the seating around the dummy’s body. Hence, there was a need to develop a custom measuring element. The major request was also to use elements with minimum dimensions to have the possibility of implementing them into each webbing. The minimum dimensions of the feature also ensured the smallest possible influence on the harness’ structural characteristics. In addition, the aim was to eliminate any undesirable loads, for example, from bending. When selecting the positions for the load cells, consideration was given to placing them in positions where only tension could be expected, and the bending component was eliminated as much as possible.



Regarding the design of the load cells, modification of the buckle frames was determined to be the most appropriate and least costly option. The aim was to ensure that the stiffness of the structural node was not adversely affected by the incorporation of the individual measuring components. Therefore, the same carabiners were always selected for the design of the strain gauges as those already used in the design chain. For the purpose of this study, only two types of buckle bases were required. The stronger type is a carabiner with the trademark PS 22040-1 and a declared strength of 2500 lbs, while the weaker type is for use in chest webbing and has a declared strength of 500 lbs. Figure 2 shows the initial geometry of the buckles used before any modifications. Figure 2 highlights the initial geometry of the used buckles before any modification. To obtain the basic frame for strain gauge installation, it was necessary to remove the moving part used to fix the strap in the tightened position.



Once a clear rectangular base plate was prepared, four strain gauges were installed on the degreased surface, one on each side of the buckle. The intention was to reach a full bridge connection that will ensure accurate measurement of the force, regardless of whether the buckle is loaded symmetrically or not. This assumption has been confirmed during the calibration, which has been performed for all six load cells. In the procedure, the carabiners were loaded evenly and unevenly, in the sense that one side of the carabiner was loaded more than the other. This process verified that the total measured force did not vary from case to case. Repeating the above approach for each load cell separately guarantees accurate measurement of all elements, regardless of any manufacturing tolerances of the buckle or inaccurate placement of the strain gauge on its surface. The specific regression curves of these load cells are shown in Figure 3. The regression dependence is linear over the entire applied load range, and therefore, a very high accuracy of force measurement can be assumed. The dependence of the material tension on the total loading force generated by the tensile test machine is shown.



The final load cell implemented into the harness structure is highlighted in Figure 4. It was necessary to provide mechanical protection around the strain gauge against damage when the harness settles on the metal dummy. During the first moments of loading, significant movements occur. The area around the strain gauges was sealed with hot melted glue. This method of protection proved to be sufficient as no damage occurred during the test.




2.3. Design of the Harness Fitted with the Load Cells


When fitting the load cells to the harness, symmetry was utilized. Measurement elements were sewn only on the right side of the harness, so only six of them were needed. To obtain complete load decomposition into individual elements during the asymmetric load cases specified in the next section of the publication, it was only necessary to perform one additional test.



Despite the fact that it was proven during calibration that the laterally uneven loading of the measuring element does not affect the accuracy of the total read-out forces, it was the intention to place the elements only in locations where there would be only tensile loading without influence from bending. It can be expected that when placing the measuring element in a position where bending occurs, measurement inaccuracies will begin to appear. The main reason for this would be the contribution of friction in the contact with “dummy–webbing”. With this knowledge, the optimum position for each element has been found. The location of the load cells sewn into the harness structure is highlighted in Figure 5. The numbering of the elements given in the diagram matches the following naming of the forces in the evaluation of the results.




2.4. Fitting the Harness to the Test Dummy


Great care was taken in fitting the harness to the test dummy. The position of the individual structural points was set to fully correspond with the real position of the human body. To achieve this, the harness was specially adjusted in length for the real dimensions of the dummy. In the area of the legs and buttocks, the measuring devices were lined with felt sheets. This method eliminated bending of the strain gauges while also reducing friction. Detailed placement of the loading cells once the harness is fitted to the dummy is displayed in Figure 6. The numbering of individual load cells is also highlighted. Based on this marking, the redistribution of forces was subsequently evaluated, which is presented in the following sections.




2.5. Tested Configurations


The number of test configurations and their setup were designed considering the parameters identified as important for the survey. The aim was to perform a series of tests in different spatial positions of the dummy so that it would then be possible to evaluate the effect of force redistribution on the individual elements, based not only on the geometry of the structure itself but also on the different spatial body positions in which the rescue system would be activated. This will replicate the use of emergency parachutes, which are assumed to be activated in positions other than those for ideal and stable skydivers. Another important objective was to determine the effect of chest strap tightening. Nevertheless, the main feature of all tests will be the evaluation of the critical element in terms of its structural capacity. In other words, the critical element may not be the same in all cases. Based on the mentioned requirements, six different test cases have been established:




	
Symmetrical load;



	
Unsymmetrical load–FRIGHT = 2 · FLEFT;



	
Unsymmetrical load–FLEFT =2 · FRIGHT;



	
Symmetrical load–dummy, fixed at about 15° face down;



	
Symmetrical load–dummy, fixed at about 15° back down;



	
Symmetrical load–loose chest strap.








The meaning of “symmetrical loading” is the fact that a force of the same magnitude is applied to the left and right sides of the harness. The opposite is the case for the second and third tests, as their aim is to obtain information on the redistribution of the forces in the case of opening the canopy asymmetrically. Regarding test cases 1, 2, 3, and 6, the steel dummy has only one fixation point in the bottom between its legs. The position of equilibrium is determined just by the center of gravity and by adjusting the individual straps. Tilted cases 4 and 5 have generally fixed positions in the space defined. The setup of the configurations in the unloaded state is shown in Figure 7.




2.6. Drop Test Laboratory Setup for Reaching the Opening Shock Load


In order to reach the inputs in the harness load test, it is necessary to obtain data from the actual drop, which reflects parachute aerodynamic characteristics during the opening phase. For this purpose, a special drop test laboratory has been developed. The scheme, with a description of the basic components, is highlighted in Figure 8. The test laboratory consists of electronics that record the most important information regarding the entire drop in real time. The high recording frequency allows the system to be activated with high accuracy and is also very important for the next postprocessing of the data. Not only speed-related information is recorded, but also the duration of the freefall, forces in separate connections between parachute and laboratory, position in the coordinate system, and G-force. Data from the indicated speed and free fall time are used to activate the system at the required speed. Exceeding the design speed should mean the destruction of the parachute, and in most cases, damage to the laboratory caused by high-speed impact with the ground.



Information related to G-Force and load in separate connections is the value that needed to be identified for further analysis. Even though the laboratory records the complete progress of the quantities over the whole drop test sequence, for the present research, only one point is important, which is the maximum peak related to the opening shock load. The amount of asymmetry read from the measuring carabiners on the attachment points can be considered as additional information and input to the proposed tests 2 and 3.



It should be highlighted that the activation of the parachute must be executed in the same manner as if it were activated by a skydiver while wearing the serial harness. That means that the folding of the parachute into the storage area needs to be executed in the same way and deploying the drogue chute equipped with the serial extracting spring is also required. There should be free space in the area of deployment that would cause the elements to be trapped during the pulling sequence. This ensures that there will be no unwanted delay in the deceleration of the ballast. It is an important parameter for drop tests that use gravitation to accelerate the laboratory to the final speed. Any delay in activation thereafter means exceeding the design speed, which is unacceptable.





3. Results


3.1. Drop Test Evaluation


To obtain information about the forces, the test conditions were designed so that they corresponded to the conventional values at which the skydiving or rescue systems are activated. It was intended to determine the G factor generated by the canopy at the typical terminal speeds in a stable belly-to-earth position. The conditions of the drop test were specified as:




	−

	
activation speed vactivation = 200 [km/h].




	−

	
weight of the ballast mlaboratory = 130 [kg].









Information related to parachute geometry will not be presented, as it is considered the property of the company that provided the canopy for the test. Nevertheless, for the purpose of this research, that information is not important. Generally, a gliding parachute equipped with a slider to reduce the opening shock load was used. The results presented in this study define the maximum aerodynamic force generated by the canopy for the subsequent analysis. The point corresponding with the maximum opening shock load is highlighted in Figure 9 by point three.



The drop test identified the maximum overload as G = 6.3 [–]. By converting the overload to a force based on the input mass using Equation (1), the opening shock load is obtained:


   F  s h o c k _ l o a d   = G · g ·  m  l a b o r a t o r y   = 6.3 · 9.81 · 130 = 8034.4    N     



(1)








3.2. Results of Harness Loading


The aim of the test was to progressively load the harness up to the force corresponding with the maximum opening shock load generated by the canopy during the activation phase. The gradual loading process will help to obtain information on whether the individual straps are taking the same percentage of the total applied force during all processes. If the test results show that there is a uniform percentage redistribution above a certain load value that does not change further, the results of this study can be used without regard to the opening shock load magnitude. In other words, the loading of the individual elements would then only be determined by the total applied force and the redistribution factor based on this research. As the result shows, this will play a major role in the investigation of the element’s safety margin.



Based on the load output from the drop test, the maximum required force has been established as 8000 N. In order to not distort the data due to the initial settling of the harness on the dummy, a preload of 1500 N was applied before each test. This level of preload was set by an estimation. Above this value, there was no further movement of the harness on the dummy’s body.



It must be noted that the values of the force recorded by the station also include the weight of the dummy and hanging devices. Hence, some postprocessing was necessary to have comparable results. The presented values of the forces are zeroed at the beginning of the test. This ensures that the weight of the equipment and the initial tension of the webbing are no longer present. As a result, the data only represent the value increment gained from main loading force redistribution into individual segments.



The maximum applied forces are not totally identical between the separate cases. The reason for this is that the readout of the forces was performed manually. Once the operator saw the desired load on the display, further loading was stopped. These small differences do not affect the evaluation of the individual tests. Only the parameters from the separate test entered the analysis of the load capacity, followed by a recalculation of the critical element’s theoretical load capacity at a given configuration. The subsequent comparison in Table 1 includes a conversion to the theoretical critical force, which can already be used to compare the harness load capacity for different configurations.



In general, all test cases have the same evolution, where four main stages can be identified:




	
Dummy rotation into the steady position;



	
Settling the harness–force redistribution;



	
Gradual loading with straight slope;



	
Limit force for gradual loosening of the buckle.








The first stage is, in general, caused by the difference in position of the center of gravity of the steel dummy and the point where the dummy is fixed to the ground of the test room. During the first seconds of loading, the dummy is rotating to the new equilibrium state, which is not changing significantly during further loading. The position change is highlighted in Figure 10.



During the second phase, the system stops rotating and only the harness itself begins to show signs of slight movement on the dummy’s body. This is clearly visible in the chart showing the load profiles of the individual elements. Once the load exceeds a certain value, the harness is already static, and there is a steady increase in force. This phenomenon allows the referenced generalization of the published results to use this procedure for a different opening shock load. The assumption is that if a higher load was applied, it could be expected to increase in separate positions with respect to the obtained redistribution ratio. This is one of the most important findings. This idea is possible to apply to all six tests, which enables the calculation of the theoretical limit load of the harness for all the configurations.



The fourth point of the observation showed undesirable conditions. The buckle located on the right leg webbing started to gradually and irregularly loosen once the overall load exceeded the value of around 3000 N. This could be caused by the wear of the buckle, the hard base under the buckle, or a combination of both phenomena. The relaxation was gentle and did not affect the final results presented.



The load redistribution of the total applied load into individual load cells is shown for all six tests in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16.



Figure 11 displays the load profile of the test configuration one. Progressive loading began at force 0 N, which represents a steady state in which the harness is only loaded by gravity and tightening the webbings to fit the dummy. Loading was stopped at the maximum overload value of 7665 N. Above the value of 4000 N, forces are already steadily distributed, and the same slope of the curves is observable. The load in elements one and two differs by 120.9 N. It can be assumed that this difference in load is transferred by the chest strap, which was tightened.



Figure 12 displays the load profile of the test configuration two. During this test, the force applied to the right connection points of the harness was two times higher than to the left side. This resulted in higher loading of the chest webbing and bigger differences between the loads in positions one and two Loading begins at 0 N and increases to a maximum of 7699 N, as in the previous test. Unlike the first test, the forces were already evenly distributed once the total applied load reached a value of 1000 N.



Figure 13 displays the load profile of the test configuration three. During this test, the force applied to the left connection points of the harness was two times higher than to the right side. This resulted in a different redistribution pattern. The load cell one measured a lower load than the load cell two. Loading started at 0 N and reached a maximum of 7599 N. The forces were evenly distributed once the total applied load reached 3000 N.



Figure 14 displays the load profile of the test configuration four. The dummy was fixed in place and rotated face down during this test. This resulted in a loosening of the back straps, which were not carrying any load. Loading started at 0 N and reached a maximum of 7735 N. During this test, load cells in positions one and two measured similar forces throughout the whole process. As in the second test, once the total applied load reached 1000 N, the forces were already evenly distributed.



Figure 15 displays the load profile of the test configuration five. The dummy was fixed in place and rotated backwards during this test. This increased the loading on the back straps. Loading started at 0 N and reached a maximum of 7748 N. During this test, load cells in positions one and two measured similar forces throughout the whole process. The forces were evenly distributed once the total applied load reached 2000 N.



Figure 16 displays the load profile of the test configuration six. During this test, the chest webbing has been loosened. This resulted in lower loading of the chest webbing compared to test one, which has the same setup but with tightened chest webbing. Loading started at 0 N and reached a maximum of 7787 N. The forces were evenly distributed once the total applied load reached 1000 N, the same as in the second test.



Table 1 summarizes the measured forces in separate load cells with respect to the maximum applied force, which is also highlighted. The marking of the separate elements is performed according to the established convention. As already discussed, the peak of the applied force is not identical for all test cases because of the delay between switching off the load hydraulic cylinder, which was mechanically operated. Nonetheless, the evaluation of the results within the single tests has no effect on the results of the subsequent load capacity analysis.




3.3. Determination of the Theoretical Load Capacity of Separate Configurations


Once the ratio of the redistribution of the total applied force to the individual structural elements is known, it is possible to calculate the load capacity of the individual components. For this operation, it is important to know the strength of each component declared by the manufacturer [12,13,14]. In Table 2, these values for single parts are listed. For clarity, Figure 17 shows the position of the items marked in the table. The mark C indicates the carabiner (buckle) and mark S indicates the strap (webbing). Its number corresponds to the specific designation of the measuring element.



With this knowledge, it is possible to use Equations (2)–(3) to determine the limiting force during the canopy activation stage, at which the maximum allowable component load is reached. The given force calculation will thus show not only the critical element but also the strength margin for the other components. This makes the uniformity or non-uniformity of the strength margin of each element visible at first sight. As an example, test case one is analyzed according to the mentioned procedure. With the use of Equations (2)–(3), the results defining the critical applied force to reach the limit force in separate construction elements for test one are as stated in Table 3. The calculations shown in Equations (2)–(3) are demonstrated on the critical element for test case one.




	
b1 = percentage value of the force carried by the element, relative to the loading force.



	
Fc1 = force at a particular position C1.



	
Fresultant = total loading force that represents the opening load of the parachute.



	
Flimit = the manufacturer’s declared element limit force.



	
Fcrit = loading force at which the maximum permitted force value is reached.










   b  1   C 1     =    F  c 1      F  r e s u l t a n t 1     · 100 =   1910   7665   · 100 = 24.9    %       



(2)






   F  c r i t _ 1   C 1     =    F  l i m i t   C 1            b  1   C 1     ·  F  r e s u l t a n t 1     100       ·  F  r e s u l t a n t 1   =    F  l i m i t   C 1        b  1   C 1       · 100 =   2224.91   24.92   · 100 = 8928.3    N     



(3)







The results show that while the theoretical strength of element C1 is achieved at 8.928 kN, element S2 can withstand a value more than ten times higher. By evaluating all the remaining tests, it was found that C1 is a critical element for all configurations. The other elements indicate a significant difference in the safety margin compared to element C1.



Table 4 summarized the critical force calculated according to Equation 1 for all the test setups. This procedure also highlights the most vulnerable position of the dummy, where the limit load of element C1 first appeared.



It is evident from the results that the asymmetric load is the first case in which the limit load is exceeded. In other words, test configuration two. However, the differences in the strengths of individual cases are not so significant. It varies up to 14.8% for tests one-five.



The evaluation of element C1 brings another important piece of information related to the influence of chest strap tightening. This can be achieved based on the comparison of the results from test one, where the chest strap was tightened, and test six, where it was loose. The difference in maximum value to reach the limit load is about 107% higher in the case of a loosening chest strap.





4. Discussion


The present study focuses on two major chapters. First, is a test of the aerodynamic characteristics of the canopy in its activation phase to obtain the opening shock load during its activation. The second part is the application of this specific load to the harness and finding the redistribution of the total applied load to the different structural nodes of the harness. The force application is extended to loads in different configurations.



In the canopy testing phase, it was important to maintain the design parameters, which were determined based on the terminal speeds at which a parachutist falls in free fall. For the purpose of the test, the speed was set at 200 km/h. The progress of the test confirmed the normal canopy function, and the results from the first test were used for the postprocessing. The logging of the individual parameters proved to be sufficient to provide the data for the following harness analysis, which is the main goal of the research. The G-force data were used to calculate the opening shock load. As a supplement, measuring carabiners on each side of the canopy hinge were also used. The existing measuring carabiners showed non-standard behavior during the test, and therefore, the results were not included in the evaluation. However, they are the subject of additional internal development, and further practical use is planned for future tests. The maximum value of the measured opening shock overload was G = 6.3. With a weight mass of m = 130 kg, this overload was converted to an opening shock load of Fshock_load = 8035 N. For subsequent analysis, it was stated that the testing force could be rounded up to the value of Fshock_load = 8000 N. The provided methodology proved to be adaptable and can be used for a variety of activation speeds and ballast masses or types of parachutes. This brings the possibility of filling the certification requirements defined by the Technical Standard 135 in the section “Structural Overload Tests” [4].



The second section of this paper focuses on a comprehensive loading study of the fully articulated parachute harness structure. The decomposition and incorporation of each element’s strength limits, as well as the determination of the applied force’s redistribution into separate parts, shed light on the sizing of individual elements. Load cells based on the minimum dimension parameters were developed to measure forces in separate webbings. With this benefit, serial production parts were used for the strain gauge installation. This procedure ensured minimum costs and, due to the load cell’s small dimensions, minimal structural influence once it was sewn into the final harness. During calibration, it was verified that laterally uneven loading of the measuring feature has no effect on the measurement precision. It was one of the biggest concerns when considering the location of the separate features. It was expected that, because of the required number of load cells, there would not be enough space to locate them all in ideal positions. The element on the webbing heading to the back of the dummy was, despite all efforts, loaded partly by bending. The aim of future work will be to develop an element that will not be sensitive to the bending component. A very important observation was identified. Once the harness settles on the dummy body, the redistribution of the forces related to the applied force does not change significantly. This opened the possibility of generalizing the research. It can be expected that by increasing the applied force above the presented value of 8000 N, the same trend of redistribution will follow. This means that the use of a different canopy or changes in activation speed resulting in a different opening shock load can be applied for recalculation.



In all cases, the buckle located on the chest webbing was identified as the weakest element. Based on the results, the fixed spatial position that loads this element the most is an asymmetrically loaded case. This is because the chest strap took some of the force from the opposite side through the cross-connection. However, the amount of load transferred by this carabiner is strongly dependent on how tight the strap is. It was identified that the difference in critical force can vary by up to 107%. This result is also expected because the loosening of the chest webbing causes the main load to pass from the pilot’s buttocks directly to the upper hinge points. When tightened, the webbing tends to create two triangles that tend to expand under the load. When using the harness, it is therefore a good idea to tighten the harness, but in the case of the chest strap, tighten it only to the point that the harness cannot come loose on the pilot. Any overtightening will not bring any benefit. It will only cause overloading of the structural node.



It can be expected that the maximum allowed load declared by the manufacturer uses some safety factors. This means that even though elements would reach their maximum limit, no visible damage would be observable. Compared to the test of a complete assembly according to TS-135 [4], exceeding the recommended limit of single structural nodes is not controlled. After the test, the harness structure must only be inspected for visible damage. Hence, the testing procedure proposed in this study is considered safer as it allows for the direct monitoring of each component.



For further extension of this study, the strength test of individual components up to visible damage is suggested. Incorporating the maximum strength limits of the parts assumes a significant increase in the maximum load limit of the entire harness.




5. Conclusions


During the research, a methodology was developed to optimize the structure of the parachute harness with the purpose of lightening it. In order to efficiently design the harness for the intended load, an extensive study was conducted to consider the loading of the individual structural elements. A test of the parachute has been performed to reach the required aerodynamic characteristics, which were interpreted as opening shock load. The maximum force obtained from the drop test was directly used to test the harness itself. The static loading test of the harness was designed to gradually increase the load from zero to the maximum load. Different load cases were also incorporated to capture the effect of non-ideal pilot positions during system activation. As a result, the study presents a complete analysis of the separate cases together with a percentage redistribution of the forces during gradual loading. The results evaluation also provided an overview of the sizes of the individual elements. The chest strap is significantly the weakest point, and most of the elements show several times higher strength. Therefore, the intent is to focus on these elements and create a harness with an adapted design. The vision is to create a lightweight harness without affecting the overall load capacity.
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Figure 1. Scheme of used materials. 






Figure 1. Scheme of used materials.



[image: Aerospace 10 00083 g001]







[image: Aerospace 10 00083 g002 550] 





Figure 2. Selected buckles for the frame preparation to create the measuring load cell. 
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Figure 3. Exact buckle plate calibration curve: (a) curve related to baseplate PS22040-1 and (b) curves related to baseplate PS 70101-1. 
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Figure 4. Final load cell manufactured on PS22040-1 baseplate sewn into structure. 
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Figure 5. Load cell layout diagram, including markings. 
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Figure 6. Alignment of measuring elements: (a) Front side view of the dummy. (b) Back side view of the dummy. 
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Figure 7. Equilibrium position in the unloaded state for each test case: (a) test case 1, (b) test case 2, (c) test case 3, (d) test case 4, (e) test case 5, and (f) test case 6. 
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Figure 8. A scheme of a fully equipped laboratory mounted on the AN-2 before takeoff. 
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Figure 9. Overload record during reference drop test. 1. release of the system from the airplane; 2. reaching the activation speed–releasing the drogue chute; 3. point of the maximum system overload; and 4. initial point of the steady descent. 
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Figure 10. Rotation of the dummy during the first stage of test case one: (a) Unloaded, and (b) loaded. 
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Figure 11. Total force redistribution into individual load cells during test one. 
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Figure 12. Total force redistribution into individual load cells during test two. 
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Figure 13. Total force redistribution into individual load cells during test three. 
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Figure 14. Total force redistribution into individual load cells during test four. 
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Figure 15. Total force redistribution into individual load cells during test five. 
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Figure 16. Total force redistribution into individual load cells during test six. 
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Figure 17. The highlighted position of the evaluated elements. 
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Table 1. Complete results of the maximum forces during loading.
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	Test One
	Test Two
	Test Three
	Test Four
	Test Five
	Test Six
	





	Applied Force
	7665
	7699
	7599
	7735
	7748
	7787
	[N]



	Force 1MAX
	3920
	5045
	2719
	3544
	3788
	3869
	[N]



	Force 2MAX
	3806
	4560
	3350
	3432
	3816
	3856
	[N]



	Force 3MAX
	1910
	2151
	1884
	1892
	1886
	936
	[N]



	Force 4MAX
	2
	1
	22
	1
	345
	0
	[N]



	Force 5MAX
	3
	4
	9
	2
	241
	2
	[N]



	Force 6MAX
	2001
	2238
	1697
	1715
	1923
	2105
	[N]
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Table 2. Declared strength of the elements.
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	Element
	Flimit
	





	C1
	2225
	[N]



	C2
	11,121
	[N]



	C3
	11,121
	[N]



	S1 and S2
	44,482
	[N]



	S3 and S5
	17,793
	[N]



	S4 and S6
	26,689
	[N]
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Table 3. Recalculation of critical force for test case one.
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	Element
	b1 [%]
	Flimit [N]
	Fcrit1 [kN]





	S1
	51.1
	44,482
	86.971



	S2
	49.7
	44,482
	89.590



	S3
	24.9
	17,793
	71.401



	S4
	0.03
	26,689
	89,134



	S5
	0.04
	17,793
	46,058.5



	S6
	26.1
	26,689
	102.231



	C1
	24.9
	2225
	8.9283



	C2
	49.7
	16,014
	32.252



	C3
	26.1
	11,121
	42.596










[image: Table] 





Table 4. Extracting the limit force at the weakest point of the harness for all test configurations.
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	Fcrit_C1 [kN]





	Test one
	8.9283



	Test two
	7.963



	Test three
	8.972



	Test four
	9.098



	Test five
	9.143



	Test six
	18.51
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