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 Abstract—Capability of high speed and low-cost manufacturing 

makes the printing techniques very promising approach for large-

area flexible electronics mass manufacturing. Due to fast and 

intensive technology development, the lack of knowledge about the 

reliability and lifetime of printed electronics is obvious, requiring 

further investigation. Especially, the effect of torsional bending on 

lifetime is mostly unexplored field of reliability testing. In this 

study, a torsional bending test of parallel printed silver conductors 

(0.3 mm, 0.5 mm pitch) on polymer substrate (Polyethylene 

terephthalate, 125 m thickness) were conducted and analyzed. 

According to the experimental results, torsional bending causes 

wear-out type failures in conductors and the length-to-width 

(LTW) ratio of the sample’s substrate was observed to have a 

significant impact on reliability. If the LTW ratio is smaller than 

3, the lifetime of printed conductor seems to collapse, and samples 

lasted for approximately only 17 bending cycles on average. 

Lifetime was improved by increasing the LTW ratio and samples 

withstood over hundreds of cycles with LTW ratio of higher than 

15. However, the distance of a conductor from the edge of the 

substrate was not observed to have any significant influence on the 

reliability under torsional bending.  

 
Index Terms—Printed electronics, flexible electronics, reliability 

testing, large area electronics, accelerated lifetime  

 

I. INTRODUCTION 

ince the days, when printing techniques were used mostly 

for graphical prints such as newspapers and books [1] the 

material and manufacturing techniques for printing have 

progressed remarkably [2]. Perhaps, the most intriguing type of 

exploitation for printing techniques is based on the utilization 

of electrically functional inks to fabricate electronics 

(conductors, semiconductors and dielectrics) with features 

(flexible  stretchable, large-area, lightweight), which have not 

been feasible by conventional electronics. Electrically 

functional inks allows the fabrication of electronics components 

and even complete devices such as antennas [3], [4], sensors 

[5]-[8], memristors [9], diodes [10], [11], transistors [4], [12], 

LEDs [13], [14], solar cells and light detectors [15], [16]. 

Printing techniques have also been proven to be a very fast and 

efficient method to create large area electronics at very high-

volume rates in mass production. As an additive manufacturing 

method, printing has distinctive benefits such as low 

manufacturing expenses and waste generation during the 

manufacturing [1], [17], [18].  

Due to limited technological maturity of printed electronics, 
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conventional electronics components (regulators, micro-

processors, LED chips etc.) are combined with printed 

electronics to improve the device performance. These types of 

devices are called as hybrid electronics in this context. Hybrid 

electronics has undergone fast technological development 

during past few years and the first products are emerging to the 

market including smart architectural elements and wearable 

electronics. [2], [19] 

Once the materials, components and fabrication process with 

novel features are combined, the number of unknown 

parameters and the lack of knowledge on their influence on the 

device performance increases. For example, in the case of 

hybrid electronics, the characteristic and performance of rigid 

conventional components on flexible surface plays a crucial 

role in setting of new requirements for the electronics materials. 

Hence, the reliability of printed and hybrid electronics has 

become intensively researched subject. Many accelerated 

lifetime tests already exist to evaluate the effects of bending, 

stretching or temperature cycling to the lifetime and reliability 

of printed and hybrid electronics. [20]-[24] However, torsional 

bending, to which hybrid electronics will most likely be 

exposed during its lifetime, is mostly an unexplored field of 

research. There are only few articles about the topic in which 

the effect of cyclic and single bend or torsion on the 

functionality for single components is evaluated. [25], [26] 

These studies, however, are currently lacking the information 

about the factors that affect to the magnitude of the stress and 

how it could be reduced thus making designs for hybrid 

electronics more reliable.  

In this study, the effects of torsional bending on flexible 

electronics reliability and lifetime are studied. A house made 

test system is utilized to conduct cyclic torsional bending to 

evaluate its influence on the resistance of printed conductors on 

flexible substrate and thus to their reliability. In addition, the 

location of conductors and the length-to-width (LTW) ratio of 

a sample’s substrate was studied during the research to identify 

them as potential factors that influence on the magnitude of the 

stress during torsional bending.  

II. MATERIALS AND METHODS 

 Reliability testing was performed for three different types of 

samples (depicted in Fig. 1.) to analyze the effect of LTW ratio 

on sample’s reliability when exposed to torsional stress. There 
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were ten pieces of each sample type in total to get reasonable 

amount of statistical data to perform a valid reliability analysis 

for the samples. All samples were measured before the actual 

reliability test to acquire reference values for their resistances. 

Resistance characteristics of the samples were measured during 

torsional bending and at the end of the test to double check that 

each sample were measured properly. More detailed description 

of the tested samples and their processing is explained in this 

chapter.  

A. Specifications of the used materials 

All tested samples had screen printed silver conductors on 

polyethylene terephthalate (PET) film with thickness of 125 

µm. In order to secure reliable galvanic contact to the 

conductors, each film with silver conductors had a surface 

mounted connector at the both ends (See Fig. 1.). All three 

sample types (T1, T2 and T3) were based on the same materials 

and identical printing process. Due to limited amount of inputs 

of the measuring system, only six conductors of each sample 

type were evenly chosen from T2 and T3 samples (See Fig. 1-

2). The list of used materials and their technical details are 

summarized in Table I. 

B. Layout of the test patterns 

The layout of the conductor patterns consists of parallel, 

straight lines. Each individual conductor had pitch of 0.5 mm 

and linewidth of 0.3 mm. T1 samples had six printed silver 

conductors, while the T2 and T3 samples had 20 and 40 

conductors respectively. As mentioned before, each sample 

type (T1-T3) had a different LTW ratio due to the variating 

amount of the printed conductors. Table II. summarizes the key 

layout parameter of the conductors of each sample type.  

C. Fabrication process of the test patterns 

Fabrication process for the test patterns (A-J) per each 

sample types (T1-T3) utilized in the study had two main steps. 

At first, conductor patterns (Ag) were printed on a flexible and 

transparent PET film by utilizing a rotary screen-printing 

technique in a roll-to-roll process at the VTT premises in Oulu, 

Finland. Conductors were then post-processed with a proper 

heat treatment of 2 minutes at 120 °C to cure the silver ink. 

Finally, standardized connectors were manually bonded (at the 

University of Oulu) on the printed conductors with 

anisotropically conductive tape. Connectors were also glued 

with UV-curable support epoxy to ensure that the connectors 

stay firmly attached to the conductors. Despite the sample type, 

only six conductors (I-VI) were chosen for the reliability test 

(see Fig. 2). The length of the different sample types also varied 

due to the original layout design of printed patterns. However, 

TABLE I 

SPECIFICATIONS OF USED MATERIALS AND COMPONENTS 

Material/Component Details Comment 

Conductive tape 3M 9703 Anisotropically 

conductive tape 
Conductive ink Asahi LS-411AW Silver paste for 

screen printing 

Connectors Series: WR-FCC  
(Würth Electronics) 

Three variants: 6, 20 
and 40 connections 

Foil 

 
Support epoxy   

Polyethylene 

terephthalate (PET) 
Loctite AA 3525 

Carrier film for 

electronics 
Supporting epoxy 

   

   

Fig. 1. Photograph of the printed conductors on PET film. The first sample 

type, the uppermost sample (T1) has six printed conductors of which all 

are measured. Second, the midmost sample type (T2) has 20 printed 

conductors of which six is evenly selected for measurement. The lowest, 
third sample type (T3) has 40 conductors. Only six is evenly chosen for 

measurement. 

TABLE II 
PATTERN IDENTIFICATION AND DIMENSIONAL PARAMETERS 

Type 
No.  

conductors 
Pitch Linewidth 

 
Avg. 

Length 

 
Avg. 

Width 

 
Substrate 

length-to-

width ratio 

     

T1 
T2 

T3 

6 
20 

40 

0.5 mm 
0.5 mm 

0.5 mm  

0.3 mm 
0.3 mm 

0.3 mm 

74.6 mm 
69.6 mm 

60.8 mm 

5.0 mm 
12.2 mm 

22.4 mm 

14.85 
5.71 

2.71 

     

            

            

 

 

Fig. 2. Photograph of the printed conductors on PET film with pattern 

identification. Photograph also includes predefined conductors that are 

measured during torsional bending test to evaluate lifetime and reliability 
of the sample.  
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measured values were expected to be comparable since the 

effect of variating length of the sample and conductors were 

taken into account by measuring the reference value before any 

torsional stress testing. It is worth to mention, that the resistance 

of a printed conductor is also highly dependable on the 

properties of the inks and post-processing parameters (drying 

and sintering) which were kept constant in this study.  

D. Torsional testing device 

Torsional bending is done with a house made testing system. 

The testing system is designed to conduct three reliability tests 

for flexible electronics. System can be utilized for tensional 

strength, bending and torsional testing of flexible samples. The 

system measures the sample as a function of time. In this study, 

the system was used only in the torsional testing mode. 

Our measurement system consists of two electric step motors 

(see Fig. 3.). One motor is used to twist the sample freely and 

the other motor is used to change the distance between the 

clamps in order to compensate the sample shortening (and 

tensional stress) caused by the torsional bend. In practice the 

compensation is done by reducing the distance between the 

clamps during the torsional bend in order to minimize the 

tensional stress. System utilizes S2M-500 strain gauge-based 

load cell by HBM. The load cell is used to measure the tension 

applied to a sample (up to 50 kg) during torsional bending. 

Tensional force is calculated according to Eq. 1, where Fnom is 

nominal force, C is sensitivity, U0 is excitation voltage and U 

the measured voltage over the sensor. The device specification 

for sensitivity and nominal force are 2 mV/V and 500N.  

 

 
𝑈 = 𝑈0𝐶

𝐹

𝐹𝑛𝑜𝑚

 
(1) 

 

System control and measurement procedures are operated by 

a LabVIEW program. The program is used to measure 

conductors’ resistance and to instruct the step motors together 

with the data from the load cell. USB-6211 data acquisition 

board by National Instrument is utilized as an interface between 

the computer and the test system. Test system’s components are 

summarized in Table III. 

E. Failure criteria and mechanism 

Due to inks and used manufacturing process, printed 

conductors have lower conductivity than similar bulk 

conductors. In the case of printed silver, the conductivity is 

typically from 10% up to 56% from the corresponding value of 

bulk metal [27]. However, printed conductors withstand 

bending and stretching better than bulk metals. A common 

failure mechanism for a printed conductor during the bending 

is microfractures, causing an increase in its resistance due to a 

smaller local cross-sectional area according to Eq. 2 [24]. 

 

 
𝑅 = ∑ 𝜌

𝑙

𝐴
 

(2) 

 

The bending of the sample, during the torsional stress, is 

expected to be negligible since the testing setup maintains the 

sample parallel to its torsional axis. In consequence of the non-

axisymmetric shape of the sample (rectangular cross-section), 

its shape does not remain planar and thus the stress and strain 

distribution become non-linear when exposed to torsion. For 

rectangular objects, the corners do not distort, and shear stresses 

are zero at those points. The maximum shear stresses are at the 

midpoints of the faces. Assuming the PET sample to be thin and 

isotropic rectangular, the analytical solutions for maximum 

stress Tmax and torsion angle θ are as expressed in Eq. 3-4, where 

τ is torque, L is the beam length, W is the width, t is the thickness 

and G is the shear modulus of the sample. Our testing device 

minimizes the tensile stresses by moving the other end of the 

sample. Thus, the stresses affecting the sample are expected to 

result only from the twisting and bending angle. [28] 

 

 𝑇𝑚𝑎𝑥 =
𝜏

1
3

𝑊𝑡2
 (3) 

  

 
θ =

𝜏𝐿

1
3

𝑊𝑡3𝐺
 

(4) 

 

Reliability tests require failure criteria, which define whether 

the sample passes the test or not [29]. In this experiment, a 

resistance measurement is conducted to evaluate the reliability 

of printed conductors. According to the standard IPC-9701, the 

sample which resistance increases 20% from its initial value 

during monotonic bending for six or more consecutive readings 

is considered as failed. In this study, the failure criteria defined 

in IPC-9701 were utilized. 

The Weibull distribution is utilized to quantify the failure 

characteristics of torsionally stressed samples [30]. Failed 

TABLE III 
SPECIFICATIONS OF USED COMPONENTS 

Component Details Comment 

Motor 1  Trinamic PD57-2-

1161 

Stepper motor 

Motor 2 Trinamic PD86-3-
1180 

Stepper motor 

DAQ-board National Instrument, 

NI USB-6211 

Data acquisition 

board, interface for 
PC 

Load cell 

 

HBM, S2M-500 Load cell to 

evaluate strain 

   

   

 

 

Fig. 3. Photograph of the testing system utilized in the study. One end of 
the sample is attached to system’s clamp (on the right side of the figure), 

which is used to bend the sample.  
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samples are presented in Weibull’s cumulative distribution as a 

function to bending cycles according to Eq. 5, where α is scale 

parameter and β is shape parameter. Scale parameter indicates 

the situation in which 62.5% of the test population have failed 

thus describing the characteristic lifetime of a test sample. 

Shape parameter describes the uniformity within the test sample 

population in regard to their lifetimes [30], [31]. 

 

𝐹(𝑥) = 1 − 𝑒−(𝛼𝑥)𝛽
, 𝑓𝑜𝑟 𝑥 ≥ 0 (5) 

 

F. Torsional bending and resistance measurements 

The test samples are twisted clockwise and counterclockwise 

for 180 degrees during the test with angular speed of 950 

degrees/min while measuring the resistance of the printed 

conductors using a four-point resistance measurement 

technique. Sampling rate for the resistance measurement is 1 

Hz. Constant current is fed through the sample while voltage 

drop is being measured [32]. Knowing the voltage drop and the 

current over the sample, resistance can be calculated by Ohm’s 

law [33].  

In this study, we used a constant supply voltage and the 

current through each conductor was measured by utilizing a 

shunt resistor. Shunt resistors have resistance and tolerance 

value of 1Ω and 1% in order to minimize their impact on the 

measurement results. Samples are also clamped by the interface 

of connectors and printed conductors to eliminate stress at the 

interface. The resistance value for each individual conductor 

was then calculated from the measured current and constant 

supply voltage. The measurement data is filtered in order to find 

six consecutive readings when resistance is measured 20% 

higher than the initial resistance at initial state (at 0 degree) to 

define conductor as failed.  

G. Synchronized thermography  

Synchronized thermography is a characterization technique, 

which is based on synchronized electrical heating and IR-

imaging. It can be used for electrical uniformity analysis and 

determination of the defects of thin film electronics that would 

otherwise be very challenging or even invisible for other 

characterization techniques. Synchronized thermography has 

shown to be effective tool to maintain high process throughput 

yield in printed electronics manufacturing. [34]-[41] 

In this study, a house made synchronized thermography 

system was used to analyze the irreversible effects of torsional 

stress on the structure and electrical characteristics of the 

printed conductors. The sample was heated for 15 seconds by a 

constant electric current of 200-800 mA depending on the 

sample and its type while being recorded into a video. Initially, 

the samples are in room temperature and they are recorded for 

Fig. 4. Weibull’s cumulative failure distribution for each sample types (T1-T3). 

Samples are defined as failed when the resistance of each measured printed 

conductor has increased 20% of its initial value.   

Fig. 5. Figure to express the effect of length-to-width ratio for sample 

durability against cyclic torsional bending thus affecting its reliability. 

TABLE IV 
AVERAGE RESISTANCE AND STANDARD DEVIATION FOR SAMPLE TYPES 

Type 
Total no. 

samples 

Total no. 

conductors 

Avg. 

resistivity 
Standard 

deviation 

     

T1 
T2 

T3 

10 
10 

10 

60 
60 

60  

7.62e-3 Ωm 
7.59e-3 Ωm 

7.85e-3 Ωm 

0.03 % 
0.03 % 

0.06 % 
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5 seconds to get the reference values for post-processing of the 

measurement results. The samples are then heated with a 

constant heating current for 15 seconds until the current is 

switched off and the samples are let to cool down. Thermal 

images from the video are chosen as the measurement results 

with 5 second intervals at 5, 10, 15 and 20 second. 

III. MEASUREMENT RESULTS 

Reliability of printed conductors were analyzed by 

measuring its resistance continuously during the torsional 

bending.  

A. Resistance measurements 

Initial resistance of each printed conductor was measured as 

a reference value to define the failure criteria. Average initial 

resistivity values and standard deviation (STD) for different 

sample types are presented in Table IV. Three measurement 

values were discarded because of presumable loose electrical 

connection. The shape parameter in the Weibull analysis 

implies that there were some variations within the test 

population (see Fig. 4.). Variation in initial resistance was not 

considered to be critical for the reliability analysis because it 

can be taken into account in fault criteria determination by the 

measured reference value. Similar samples were investigated in 

previous article in which these types of variations were 

observed to be common for printed conductors [42].  

Torsional bending causes wear-out type failures in printed 

conductors. Strain due to torsional bend creates microfractures 

in the conductor as depicted in Fig. 8. Due the low thickness of 

a printed conductor, even small defects can have significant 

effect on the conductivity. However, more detailed failure 

mechanism explanation requires further investigation.  

According to results, the magnitude of the stress during the 

bend greatly depends on the LTW ratio (see Table II. and Fig. 

5.). The T3 samples had the lowest average LTW ratio and were 

the most vulnerable for torsional bending enduring only 35 

cycles until each sample was failed (see Fig. 4-5.). The T2 

samples had higher average LTW ratio and they endured 217 

cycles, which was over 6-times more cycles compared to the T3 

samples. The T1 samples had the highest average LTW ratio 

and were the most durable sample type. The T1 samples lasted 

for 473 cycles, which is approximately 13,5-times more than 

for the T3 samples. In other words, the lower the LTW ratio, 

the higher the stress caused by the torsional bending is. This is 

also supported by the Weibull distribution in which the T1 

samples had the highest scale parameter, the T2 had the second 

highest and the T3 the lowest scale parameter (see Fig. 4).  

To analyze if the location of the conductor has an influence 

on the reliability, the effect of torsional bending on individual 

conductor was investigated (see Fig. 6.). According to the 

measurement, conductor’s distance from the edge of the 

substrate does not significantly influence on its reliability and 

conductors did not fail in distinctive, repetitive order. Instead, 

the stress seemed to distribute on all conductors and defects 

appeared sequentially.  

B. Synchronized thermography measurements  

Synchronized thermography measurement results are shown 

in Fig. 7. According to images of different sample types, 

torsional stress causes clear non-uniformities in the resistance 

of printed conductors (See Fig. 7.). Especially in the case of the 

T2 and T3 samples, the heating patterns were observed to have 

a wave-shaped form over the whole wideness of the samples, 

correlating well with the observation that the distance of the 

conductor from the edge of the substrate has only minor 

influence on its reliability. The sample type T3 has the strongest 

heat spots, which might be caused by the observed irreversible 

folding during the bending. These irreversible deformations 

were clearly visible to human eye.  

Fig. 7. Photography from the thermography measurements from the 

samples. Almost every sample for each sample type had similar repetitive 

heat pattern. Each sample types had small variation but most sample had 
similar pattern. 

Fig. 6. Cycles to failure of printed conductors (I-VI) for each sample type. 

Figure shows how many torsional bending cycles it takes the conductor to 

fail to evaluate whether the magnitude of the stress is greater for different 
conductors.  

Fig. 8. The microscopy images of the printed silver conductor before and 
after the torsional bending (reference sample on the left). Microfractures 
are visible on the conductor caused by the exposure to torsional bending. 
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IV. DISCUSSIONS 

Torsional bending causes wear-out type defects inside the 

structure of a printed conductor. Cyclic bending wears the 

conductors resulting in microfractures and increased 

resistances. According to our measurements, the effect of cyclic 

torsional bending is similar for each sample, but its magnitude 

variates depending on samples’ properties (see Fig. 4.-5. and 

Fig. 7.).  

Initial resistance was measured as a reference value for the 

samples. Small variations were observed in the initial 

resistances of the samples. Dominant source for the variations 

is the printing process and its quality but two interfaces between 

the printed conductors and the connectors might cause 

variations as well. Inaccuracies of the manufacturing process 

may appear in length, in cross-sectional area of a printed 

conductor and in the conductivity of the ink. However, the 

variations in initial resistances were tolerable for each sample. 

Small variations were also a less critical aspect during the 

research because the initial resistance was utilized to define the 

20% increase in the resistance and failed samples.  

 Samples’ LTW ratio influenced their reliability and lifetime 

under cyclic torsional bending (see Fig 4.-5.). The T3 samples 

were the shortest and widest type thus they had the lowest LTW 

ratio and were the most vulnerable to bending. They also had 

the lowest scale parameter and endured 35 bending cycles until 

each sample filled the failure criterion. The T2 samples had a 

higher LTW ratio and scale parameter than the T3 samples 

making them more resilient against the torsional bending. The 

T2 samples lasted 217 bending cycles until each sample had 

failed. The T1 sample had the highest LTW ratio and highest 

scale parameter. They were the most resilient against the 

torsional bending with 473 bending cycles until each sample 

had failed. According to the results, it is obvious that the LTW 

ratio influences greatly on the sample’s durability against 

torsional bending. The higher the LTW ratio is the more reliable 

the sample is.  

Tensile stresses are minimized during the test and their 

influence on reliability can be neglected in our experiments. 

Hence, the main source of stress is expected to be the twisting 

along and the bending on the perpendicular axis with respect to 

the torsional axis during the test. According to Eq. 3.-4. torque 

depends on the sample geometry and the torsion angle. A wider 

and shorter sample requires more torque to be twisted than a 

long and narrow sample. Higher torque is directly proportional 

to higher maximum stress, supporting the observation for LTW 

ratio’s influence on the reliability of the samples. Additionally, 

the higher the width of the samples is, the steeper the 

perpendicular bending angles becomes resulting in higher 

stresses and increased failure rates. Observed measurement 

results suggest that if the LTW ratio is smaller than 3 the 

reliability of a printed conductor collapses. This could be 

essential information when designing i.e. power supply lines for 

printed and hybrid electronics, since it is often required to be 

implemented as multiple parallel printed conductor due current 

limitations for a single conductor.  

We also studied whether the magnitude of the stress caused 

by torsional bending variates depending on the location of the 

conductor on a substrate. Hence, the resistance was measured 

from multiple parallel conductor to observe if conductors would 

fail in a certain, repetitive order. According to our resistance 

measurements, the distance between the conductor and the edge 

of the substrate did not affect on its reliability (see Fig. 6.) even 

though the defects appeared sequentially. 

Mere resistance measurement was not comprehensive 

technique enough to obtain accurate and detailed data about the 

stress distribution. Hence, a synchronized thermography was 

utilized to localize defects and visualize the stress distribution 

on the samples. According to the thermal images, the stress for 

the T1 samples was almost thoroughly constant and only in the 

middle of the sample the stress was a little bit lower. Structural 

defects were visible in thermal images at the both ends of the 

printed conductors near the connector interfaces. For the T2 

samples, there was a distinct fluctuating, wave-like heat pattern, 

indicating that the stress distribution is not even but will 

distribute along the sample in a fluctuating form. The T3 

samples had a similar but denser fluctuating heat pattern than 

the T2 samples implying that the stress caused by the bending 

is similar. In addition to fluctuating pattern, the T3 samples had 

extra heat spots making the pattern a bit less visible for some 

samples. On the other hand, as stated, the T3 samples were 

observed to fold during the torsional bending. Sharp folding 

creates fractures in the conductors of the T3 sample affecting 

on their resistance more quickly than wear-out type defects does 

on the resistance of the T1 and T2 samples. One explanation for 

the waviness of heat pattern could be the bending on 

perpendicular axis during the torsion. Simulation model could 

be utilized alongside with synchronized thermography images 

to evaluate the stress distribution even further. 

From the commercial exploitation point of view, it is 

important to gain knowledge about the reliability and lifetime 

for printed conductors on flexible substrate under mechanical 

stress caused by torsional bending. It is also important to 

identify and understand what factors influence to the magnitude 

of the stress. In addition to LTW ratio and the torsional bending 

angle, different materials for the substrate and inks as well as 

thickness of the substrate are known to have an influence on the 

sample reliability under cyclic bending. However, their detailed 

influence in sample reliability during the torsional bending 

requires further investigation. These results guide the electronic 

designer to make layouts which are less vulnerable for torsional 

stress. 

V. CONCLUSION 

Torsional bending causes wear-out type defects in printed 

conductor. The LTW ratio of a sample’s substrate in fact has a 

significant effect to sample’s reliability. The lower the LTW 

ratio is, the higher the magnitude of the stress and more 

vulnerable is the sample against torsional bending. Hence, the 

reliability of the printed conductors on a flexible substrate can 

be improved by proper layout design. The location of a printed 

conductor on a substrate did not influence on its reliability 

regardless of the LTW ratio of the sample. Heat patterns from 

synchronized thermography measurements indicated that the 

stress distribution of the torsional bending is not even and has a 
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fluctuating, wave-like pattern distributed along the samples 

with a lower LTW ratio. As summarized design guideline, it is 

important to keep the LTW ratio higher than 3 to avoid a drastic 

decrement of reliability. However, the location for printed 

conductor is not as critical. The gained knowledge and expertise 

provide guidance for designing the flexible hybrid electronics 

devices suitable for commercial products.  
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