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Temperature-sensitive goods such as refrigerated and frozen 
goods pose particular challenges in terms of the availability of 
electrical energy and energy efficiency. In this work a textile, 
modular and volume-reducible transport box with active cooling 
function was developed. By using this textile box insert, the 
standard transport container can be upgraded to a cooling box as 
required. The knitted textile insert assumes the function of an 
insulating layer. Moreover, this box-in-box system forms the basic 
unit of an overall logistics concept. By docking the box to an external 
cooling system via an integrated shelf system in the cargo hold, 
active and individual cooling is realized for each box. Via a sensor 
inside the box, data is permanently recorded, enabling constant 
temperature monitoring, controlling and regulation. An energy-
efficient smart label on the outside of the box allows data such as 
temperature, destination and contents of the box to be accessed. 
This provides information about the quality of the refrigeration and 
errors in the supply chain. In the context of the overall system, the 
completely digitized refrigerated transport container offers an 
optimal interface towards the autonomous logistics vehicle. This 
paper presents the box-in-box system and the sensor technology. 
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1 Introduction 

In the temperature-controlled logistics, rigid, non-volume-reducible containers are usually used. Actively 

temperature-controlled solutions have temperature control integrated in the container, which makes these 

very static containers expensive. Moreover, they have poor volume utilization as well as low energy 

efficiency, making them incompatible with electric vehicles. In addition, these containers can only be used 

for this singular purpose and due to their compact and heavy structure, generate costs in the return process 

when empty, since they cannot be reduced in volume. Furthermore, those solutions are also very difficult 

to recycle due to the various elements installed  

Passive cooling and heating containers are mostly made of expanded polypropylene (EPP) or polystyrene 

(EPS). On the one hand, these structures have a very good insulating effect with low weight due to the 

high volume of air they contain, but on the other hand, they cannot be reduced in volume during return 

and are problematic in terms of recycling. At the same time, these containers are usually passively 

tempered by inserted cooling elements such as accumulators, which means that no constant, reliable 

tempering of the goods can be guaranteed. There are also more complex passive cooling box systems in 

terms of their materiality, which achieve insulation either via a multilayer structure of thermally insulating 

materials or by applying a vacuum. These box systems are partially foldable [5-7] and can have a textile 

insulation structure. An insulating effect is usually realized in particular using materials that favor a high air 

entrapment: 

• Coating with metal foils or ceramics with infrared reflective effect (thermal conductivity  

≤ 0.1 W/(m K)) [5] 

• Hollow fibers or fibers with modified cross-section 

• Use of granular filling materials, e.g. made of EPS or EPS-like material (thermal conductivity  

= 0.05 W/(m K)) 

• Combination of different solutions as laminate with textile as carrier structure, e.g. felts, 

nonwovens, knitted fabrics, woven fabrics 

• Gas barrier films to reduce convection [8] 

• Foamed synthetic resins [5,8,9] 

Foldable solutions consist of insulating wall panels or stable side panels, which contain coolants or heat 

storage media, or are vacuum insulated. These include, for example, high-performance vacuum insulation 

panels for use in the medical field [5,6,10,11]. However, those are equipped with special coatings to protect 

the wall panels, making these solutions expensive and difficult to recycle [10-12]. In addition, there are 

solutions that are constructed as a double-walled system in which air can be inserted as an insulating 

medium [5]. These insulation boxes are foldable when the air is let out [5-7]. Further box systems can be 

reduced in volume by dismantling the box walls [12,13]. 

Due to their structural design, knitted fabrics, especially knitted spacer fabrics, are particularly suitable for 

use as insulation material [14]. This is due to their favorable ratio between material and void or air volume. 

Their structure favors the inclusion of air, which makes the textile more transmission-resistant and thus 

more insulating [15]. Spacer knits consist of two parallel textile cover surfaces and at least one spacer 

thread system. The spacer thread (pile thread) connects the cover surfaces and at the same time keeps 

them apart at a distance. This three-dimensional structure distinguishes spacer textiles from flat textiles in 

terms of their properties [16,17]. A key challenge is to avoid the high convection, which is present in the 

textile spacer fabric (0.08 - 0.1 W/(m K) on average) in the insulating layer, as well as to prevent potential 

thermal or cold bridges [18]. 

In the research project presented here, a folding box was designed which has a flexible and volume-

reducible textile, knitted insulation insert with lightweight belly character in its interior (Fig. 2b). Various 

spacer fabrics were developed, which can be inserted into the box as required, for upgrading the standard 

logistics container in EU modular dimensions (Fig. 2a, Fig. 3) to a refrigerated box. The textile insert is 
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washable and recyclable. In addition, the box is simple and cheap to build without additional expensive 

components. The logistics container has a raised top lid, which can be placed modularly on the box body 

via hinges [17]. The enlarged interior volume created in this way can accommodate the textile insulation 

insert when the box is folded. Moreover, the box can be connected to a cooling system via two openings 

as valves at the box front side, (Fig. 2). Due to the coupling to the cooling system, a direct supply of cool 

air to the goods can be realized. This enables energy-efficient and differentiated temperature. Temperature 

monitoring within the box is realized by using a RFID system. Because special environmental conditions 

require close consideration, RFID reader and tag must be adapted to the electrical properties of the box 

environment. With focus on this, the influences on the coil system of the RFID components for wireless 

data acquisition in the application of a folding box with textile insert are to be examined first and foremost. 

 

Fig. 1 Box-in-Box-System –logistic container with a knitted insert and a valve for connection to the cooling system. 

2 Method  
2.1 Thermal Conductivity of different knitted textiles for use as isolation box insert 

Spacer knits with a homogeneous surface structure design have more constant insulation values 

compared to spacer knits with a corrugated structure. This is due to the fact, that the transition areas 

between the peaks and the valley of the corrugations represent significant thermal bridges [20]. Based on 

these results, spacer knits with a homogeneous surface structure were optimized. To achieve greater air 

entrapment and thus improve the insulating effect, adjustments were made in terms of structure thickness 

and material to increase the volume between the two outer surfaces. Spacer knits (Fig. 2) were produced 

on a CMS 433.6 flat knitting machine from Stoll (gauge E12) using a 167 dtex polyester yarn, an elastane 

yarn (cover surfaces) and a textured polyester yarn (Diolen® High Volume, pile thread). The insulation 

capacity of the knitted fabrics (S1-S4) is recorded and evaluated in comparison with a reference sample 

made of EPS and the sample S5 (cf. [20]). Polystyrene has an approximate thermal conductivity λ of 

0.04 W/(m K) and is often used as standard for insulating transport containers. 

 

Fig. 2 Knitted samples: S1-S4 doubleface structures, S5 corrugated knitted spacer structure. 

The knitted spacer fabrics were adjusted according to ISO 139 in a standard climate. Five comparative 

tests were carried out. The sample thickness was determined by using the Frank-PTI thickness tester in 

accordance with DIN EN ISO 5084 [21] and with Chung et al. [22]. The basis weight was tested following 

EN ISO 12127 [23]. 

a b 
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The thermal conductivity was measured in accordance with DIN 52616 using a heat flow plate apparatus. 

The specimen is placed between a heating and a cooling plate. A temperature gradient is established, 

resulting in a heat flow through the specimen. The heat flow measuring plate, which is located between 

the heating or cooling plate and the sample, consists of a large number (500 - 1000) of thermocouples 

connected in series (thermocouple chain). These are thermally separated by an insulating medium. Thus, 

according to the temperature difference between the upper and lower side of the plate, a voltage is output. 

This is directly proportional to the heat flow through the plate in the measuring range. Thus, the heat flow 

through the plate and thus through the sample can be determined. To minimize measurement errors, 

measurements are taken on the top and bottom of the specimen in each case and these values are 

averaged [24,25]: 

heat flux density 𝑞̇ in W/m2        𝑞̇ =  
(𝑞̇𝑤+ 𝑞̇𝑘)

2
        (1) 

thermal conductivity 𝜆 in W/(m K)        𝜆 =  
𝑞̇ ∙𝑠

𝑡𝑤− 𝑡𝑘
         (2) 

where 𝑞̇𝑤  - heat flux density of heating plate 𝑞̇𝑘 - heat flux density of cooling plate, 𝑡𝑤temperature of 

heating plate   𝑡𝑘- Temperature of cooling plate, s - thickness of the sample. The insulation effect of the 

ready-made knitted box from the corrugated structure (S5) was recorded and evaluated visually using 

the thermal imaging camera Variocam HD by Jenoptik (emissivity of 0.95 for PE and PP). 

2.2 Integration of RFID systems into the box with textile insert 

Temperature monitoring and control are essential in the addressed logistics context. To follow the strategy, 

that the box itself lacks any expensive and filigreed extensions for easy cleaning and multi-use, the chosen 

technology is a re-attachable e-Label outside in combination with an applicable RFID temperature sensor-

tag inside the box. 

RFID systems have been in commercial use for a long time, but special environmental conditions require 

nonetheless close consideration. RFID readers and tags must be adapted to the electrical properties of 

the environment for optimal performance. If, like in this case here, passive RFID tags with sensors are 

used, this is of particular importance. It is often not even known, that High frequency RFID technology has 

an energy range and a data range or response field strength [26], so it can also make sense under certain 

circumstances to use two differently optimized coil systems, one coil for energy and a separate one for 

data transmission. Thus, for energy transmission, a high quality factor of the tag coil must be present, but 

for data transmission, this must be limited. In any case, however, the system must be analyzed in detail, 

the inductances and couplings of the coil system must be examined and the matching of the impedances 

must be precisely given. To this extent, the influences on the coil system in the application of a folding box 

with textile insert are to be examined first. 

3 Testing results 

3.1 Thermal investigation of 3D textile box performance  

 

Fig. 3 (a) initial situation, perspective long side of the textile box; (b) initial situation, perspective front side of the 

textile box; (c) after 3 hours, perspective front side of the textile box. 

Based on previous test series, a 3D box inlay was fabricated from the corrugated structure to test the 

thermal insulation performance in the 3-dimensonal expression. The 3D box insert was filled with an ice 
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canister. The heat exchange was documented over a period of three hours with a thermal imaging camera 

(Fig. 3). The corner areas of the textile box show a good insulation performance during the test (red-orange 

coloring). This is due to the fact that three textile surfaces meet here in the course of the seam and form 

a thicker area (more material = better insulation). In addition, it can be assumed that a larger volume of air 

is formed and kept in the corner areas, which also has a positive influence on the insulation effect. The 

blue colored zones show the areas of the textile box insert where cold bridges occur. These areas have 

an insufficient insulation effect. The seam on the long side of the box insert insulates better than the seam 

on the box front side. This is due to the structural design effect of the 3D spacer fabric. At the long side 

edge, there is a continuous structural progression from the box side face to the box bottom face 

(continuous longitudinal striping) (Fig. 3a). On the box front side, however, there is a break in the structural 

design at the seam edge (Fig. 3b, c). This is evident from the thermal images, which show the structural 

design as streaking. Here, the structure design of the box bottom side meets the transverse structure 

design of the box front side perpendicularly. This creates a leak along the seam (blue coloring). Figure 3c 

also shows that compression of the textile has a negative effect on the insulation performance (lower area 

of the textile, rubber fastening). These areas are colored dark blue (Fig. 3c). After three hours, the box 

interior temperature has approached the ambient temperature more closely (Fig. 3c). 

3.2 Thermal Conductivity of different knitted textile structures for use as insulation insert 

The test results of the optimized structures with homogeneous surface design (S1-S4) show a significantly 

better thermal insulation performance (0.048-0.055 W/(m K)) than the corrugated structure (S5 = 

0.09 W/(m K) and a lower weight and material thickness at the same time. Figure 6 shows the test results 

in comparison with the EPS reference sample, which was defined as the target insulation value, and the 

corrugated structure. Samples S1 and S3 have the lowest thermal conductivity, although they do not 

contain bulking yarn, which was assumed to add a higher insulation capacity to the textile structures. In 

relation to the material thickness, patterns 3 and 4 show the best insulation performance. 

Table 1: Testing results of doubleface sample 1 and 2, 1:2 tube binding, m = 5. 

sample  grammage in g/m2 thickness in mm 𝛌 in W/(m K) 

S1 max 1070.52 10.37 0.049 

 min 995.7 9.95 0.049 

 av 1014.74 9.98 0.049 

 s 56.65 0.47 0.000 

S2 max 1111.48 10.76 0.055 

 min 1045.39 10.26 0.055 

 av 1083.162 10.44 0.055 

 s 29.93 0.21 0.000 

 

Table 2: Testing results of doubleface sample 3 and 4, 1:1 tube binding, m = 5. 

sample  grammage in g/m2 thickness in mm 𝛌 in W/(m K) 

S3 max 867.23 6.84 0.048 

 min 863.17 6.75 0.047 

 av 865.71 6.78 0.048 

 s 3.86 0.1 0.000 

S4 max 1021.77 7.96 0.052 

 min 973.61 7.44 0.051 

 av 1003.87 7.82 0.051 

 s 19.87 0.22 0.000 

 

Table 3: Testing results of sample 5, corrugated structure, m = 4, measurement of weight and thickness m = 3. 

sample  grammage in g/m2 thickness in mm 𝛌 in W/(m K) 

S5 max 2098.6 11.55 0.091 

 min 1967 11.29 0.090 
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 av 2052.87 11.44 0.090 

 s 74.4 0.13 0.001 

 

Fig. 4 Comparison of the insulation capacity of the tested samples S1-S4 as a function of the sample thickness, 

EPS and S5 as reference sample. 

Table 4: Legend to Fig. 5. 

Av. EPS S1 S2 S3 S4 S5 

d (mm) 6.17 9.98 10.44 6.78 7.82 5.95 
λ (W/(m K)) 0.050 0.050 0.055 0.048 0.051 0.053 
CI (W/(m K)) 0.00060 0.00011 0.00021 0.0006 0.0004 0.003 

α 0.05      

*confidence interval of λ = CI 

3.2 Investigation of the influence on the coil system in the application of a folding box with 

textile insert 

When using RFID coils in textile applications, bending of the coils cannot be ruled out. The aim is to 

investigate how the properties of the coil system change with bending. For this purpose, a reader coil and 

a tag coil with the following parameters was used:  

• Primary coil: 50 mm * 50 mm outer dimensions, 1 mm line width, 1 mm spacing, 35 µm copper 

thickness, 3 turns, 1.5 mm substrate. 

• Secondary coil: 25 mm * 40 mm outer dimensions, 1 mm lead width, 1 mm spacing, 35 µm copper 

thickness, 3 turns. 
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Fig. 5 Simulated coil setup with reader and tag coil: (a) bend with 10 mm radius; (b) bend with 30 mm radius. 

In a parameter sweep, the tag coil is bent with a given radius and placed at a corresponding distance from 

the read coil. The simulation setup of the bent tag coil and the read coil is shown in Fig. 5. The distance is 

varied from 10 to 100 mm, as well as the bending radius from 10-100 mm. In addition, there is a simulation 

for a bending radius of 10 m, which practically represents the non-bent state.  

In the 3D simulation, the coupling factor is strongly dependent on the distance between the coils. It also 

shows that a bent coil has a lower coupling factor than a non-bent coil. One can read from the diagram in 

Fig. 6a that, for example, a non-bent coil that can still be read at a distance of 37 mm when bent by a 

10 mm radius would have to be brought up to a distance of 20 mm in order to be read. Nevertheless, it 

can be seen that, with regard to the coupling factor, even strongly bent coils could still be read. However, 

the inductance also changes with the lower coupling. 

 

Fig. 8 (a) Coupling factor between read coil and tag coil depending on the distance (mm) and the bending radius 

(mm) of the tag coil; (b) inductance of the tag coil at a distance of 100 mm as a function of the bending radius (mm) 

of the tag coil. 

The simulation shows a change in inductance between 276.9 nH and 249.21 nH of the tag coil at a bending 

radius between 10-100 mm (Fig. 6b). This was simulated at a distance of 100 mm from the read coil. At 

closer distances between the read coil and the tag coil, there is always a counter-reaction of the two coils. 

On the one hand, the inductance changes due to the presence of metallic objects and the adjacent 

magnetic field of the neighboring coil, and on the other hand, there is an effect in the read coil due to the 

counter-induction by the tag. The inductance change due to the bending of the tag coil and other influences 

leads to a detuning of the resonance and thus to a shorter range. 

a b 

a b 
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Fig. 7 Simulation of the magnetic field of the read coil in relation to a tag attached to a folding box: (a) 3D setup of 

the folding box with read coil at the bottom and tag coil on the right; (b) magnetic field in the presence of the coil of 

the tag, here the folding box is hidden for the sake of clarity. 

Furthermore, the RFID label system of the folding box was simulated, which can be seen in Fig. 7. Here, 

a separate human-readable e-Label is provided. This contains a display with electronic ink and an RFID 

system. In the simulation it was examined whether a reading coil underneath the folding box can also read 

the RFID label on the side. The simulation results show that the magnetic field lines penetrate the label 

despite the 90° arrangement of the label and thus reading is possible. It is important to know that a label 

that is in the middle of the reading coil and is also arranged at 90° to it would not be penetrated by any 

magnetic field and would not be readable. 

3 Conclusions 

With respect to different textile materials and elaborated knitted structures the insulation capacity of the 

box insert was optimized. Double face samples with 1:1 tube binding, show the best testing results. Further 

test series with optimized structures, production of the 3D box, test series of the entire system for insulation 

performance must follow. 

But the temperature related functionality of the logistic system depends at least on a coordinated interplay 

of insulating and controlling. Further investigations regarding the RFID system and the folding box as well 

as the textile components still need to be undertaken. The exact range of tolerated location of the sensor 

in the box and performance verification in case of temperature monitoring has to found out. Moreover, the 

influence of the textile structure on the sensor's mode of operation must be precisely determined. 

Since a separate RFID tag is to record the temperature in the concept, it must be designed precisely, since 

the sensor system requires more power than a pure ID function. In addition to the influence of bending, 

the influence of temperature and the textile material must also be investigated. A detuning of the sensor 

tag is possible due to the permittivity of the material, since coils have a parasitic capacitance in addition to 

the inductivity, the change of which alters the overall properties. Furthermore, an influence of the moisture 

content of the surrounding material on the range is possible. This will be investigated with further 

simulations and material measurements. After these investigations of the material properties and the 

analysis of the inductance and coupling, the sensor tag can be designed for an optimal range by optimizing 

the quality factor of the tag coil, as far as the data transmission allows, and by adjusting the coil impedance 

to the chip impedance. 
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