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ABSTRACT The implementation of the head-only
electrical stunning procedure in poultry processing has
been aimed at enhancing eating, ethical, and religious
quality. However, inconsistencies in voltage and fre-
quency standardization, along with variations in previ-
ous research outcomes, have led to numerous cases of
both under-stunned and over-stunned birds. Thus, this
study aimed to comprehensively evaluate the effects of
varying voltages and frequencies during electrical water
bath stunning on carcass quality, meat attributes, and
textural properties in broiler chickens. A cohort of 240
healthy female broilers (Cobb 500, 42-days-old, 2 kg §
0.1 kg) was meticulously selected from a commercial
farm. The birds underwent exposure to different stun-
ning voltages (2.5, 10.5, 30, and 40 V) and frequencies
(50 and 300 Hz). Subsequent analyses were conducted
on meat samples to assess physicochemical properties,
carcass quality, and textural attributes. The findings
revealed a higher incidence of petechial hemorrhage
(P < 0.05) in birds stunned at 10.5 V compared to other
voltage. Notably, no broken bones were recorded in birds
subjected to high voltages (30 and 40 V). Low frequency
(50 Hz) significantly increased the occurrence of
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petechial hemorrhage and simultaneously resulted in
pectoralis major muscle with decreased redness (a*).
Birds subjected to the 10.5 V stunning treatment exhib-
ited a lower cooking loss percentage. Significant interac-
tions between voltage and ageing (V £ A) were
observed. Birds stunned at 30 V and aged for 7 d dis-
played highest drip loss compared to a one-day ageing
period across different voltage levels. This interaction
also impacted pH values, with birds subjected to 10.5 V
showing significantly lower (P < 0.05) pH at d 7 of age-
ing. The meat hardness was influenced by the V £ A
interaction, wherein birds stunned at 10.5 V exhibited
lower hardness after one day of ageing compared to
other voltage levels. Red wing tips, lightness (L*), adhe-
siveness, and resilience were also significantly impacted
(P < 0.05) by the interaction between frequency and
voltage. A notable 3-way interaction was observed for
gumminess and chewiness (F £ V £ A), where the
2-way interaction between frequency and voltage
(F £ V) affected both parameters differently at various
ageing periods. Additionally, there was a significant
interaction (P < 0.05) between frequency and voltage
influencing shear strength and yellowness.
Key words: head-only electrical water bath stunnin
g, voltage, frequency, meat quality, textural properties
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INTRODUCTION

The quality of meat stands out as a paramount factor
influencing consumer purchasing decisions. Animals sub-
jected to stress, pain, and fear before and during the
slaughtering process are notably more prone to the deg-
radation of meat quality. A multitude of factors, both
intrinsic and extrinsic, contribute to this phenomenon.
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In particular, environmental conditions such as heat
(Humam et al., 2020), transportation (Abubakar et al.,
2021), handling (Zulkifli et al., 2000), shackling (Zulkifli
et al., 2019), stunning (Nakyinsige et al., 2014; Lambooij
and Hindle, 2017; Hayat et al., 2023), slaughtering
(Petracci et al., 2010; Addeen et al., 2014; Zulkifli et al.,
2019), and subsequent processing, storage (Vieira et al.,
2009; Aziz et al., 2020) and cold transportation (Hayat
et al., 2021) exert detrimental effects on muscle metabo-
lism, lactic acid deposition, and protein denaturation.
As a result, there is a compelling need for rigorous
adherence to effective animal handling and processing
procedures throughout the entire processing chain to
uphold optimal meat quality (Kumar et al., 2023b).

Electrical water bath stunning serves as a method to
induce unconsciousness in birds, rendering them insensi-
tive to pain (Humane Slaughter Association, 2016). Birds
are acutely responsive to threats, danger, and pain, per-
ceiving these stimuli through visual, auditory, and olfac-
tory cues in their environment. Effective stunning is
achieved when the animals’ sensory attributes are neutral-
ized, brought about by the generalized epileptiform state
induced by sufficiently high electrical voltage and hyper-
synchronous brain cell activity (Sabow et al., 2017; Hayat
et al., 2023). Conversely, inadequate electrical stunning
can result in adverse consequences, including the deterio-
ration of meat quality, heightened pain and distress, and a
potential compromise of halal status (Sazili et al., 2023).

While high-voltage electrical stunning has been corre-
lated with achieving a more effective state of uncon-
sciousness in poultry (Lambooij and Hindle, 2017), the
use of low-voltage electrical stunning persists in certain
regions, particularly where the emphasis is on halal
meat production (DOS, 2009). The primary rationale
for continuing this practice is the concern for preventing
bird mortality during stunning. However, the lack of
induced unconsciousness manifests physically in varying
carcass defects, encompassing broken bones, wings, hem-
orrhages, ecchymosis, and hematoma, ultimately leading
to the condemnation of products and a reduction in the
economic value of the final product (Novoa et al., 2019).
Despite the reported benefits of electrical stunning, stud-
ies have indicated that high voltage and high frequency
can result in reduced pH, increased glycolytic potential
and improved tenderness (Xu et al., 2011). The incon-
gruities in findings across previous research, coupled
with the need to strike a balance between eating quality,
ethical considerations, and religious/spiritual aspects,
motivated the initiation of the present study. Thus, this
study aimed to assess the impact of different voltages
and frequencies in electrical water bath stunning on the
carcass quality, meat quality, and textural properties of
broiler chickens.
MATERIALS AND METHODS

Ethical Note

The present study was conducted following the ani-
mal ethics guidelines of the Research Policy of Universiti
Putra Malaysia as per Institutional Animals Care and
Use Committee (IACUC) approval No.: UPM/
IACUC/ AUP-R019/2020, dated 30th June 2020.
Animals

A cohort of 240 healthy female broiler chickens (Cobb
500, 42-days-old, 2 kg § 0.1 kg) was systematically cho-
sen from Merit Farm Marketing Sdn. Bhd., a commer-
cial broiler farm located at Lot 1514, Jalan Batu-bata,
Off Jalan Raja Abdullah, 45800 Jeram, Selangor,
Malaysia (Latitude 3° 140 25.021800 N and longitude 101°
190 24.581400 E). The manually caught chickens were
then placed in a plastic crate (75 £ 55 £ 33 cm) then
promptly transported to the Research Slaughterhouse in
the Department of Animal Science, Faculty of Agricul-
ture, Universiti Putra Malaysia using a truck, within a
period of one and a half hours. Upon arrival, the birds
were distributed into eight treatment groups, each con-
sisting of 30 chickens, and were subsequently exposed to
various combinations of stunning voltages and frequen-
cies. Prior to stunning and slaughtering, the birds were
granted a 1-h resting period without feed and water.
The treatment groups were configured as follows: (T1)
2.5 V £ 50 Hz; (T2) 10.5 V £ 50 Hz; (T3) 30 V £ 50 Hz;
(T4) 40 V £ 50 Hz; (T5) 2.5 V £ 300 Hz; (T6)
10.5 V £ 300 Hz; (T7) 30 V £ 300 Hz; (T8) 40
V £ 300 Hz. The stunning procedures were conducted
using a commercial head-only electrical poultry stunning
system, employing alternate current (AC), where birds
were invertedly restrained on a moving shackle and
stunned individually, with 6 s stunning durations. This
locally manufactured high-frequency stunner, boasts
versatile capabilities, enabling the production of variable
voltage up to 100 V and configurable frequency ranging
from 50 to 2,000 Hz, catering to both low- and high-fre-
quency operations. Rigorous adjustments, measure-
ments, and calibrations of voltage and frequency were
carried out before each treatment group initiation. This
process was facilitated by a handheld digital multimeter
(Agilent U1272A, with the capacity to measure voltage
up to 1000 V and current up to 10 A) and an oscilloscope
(Tektronix TBS1154, featuring a bandwidth of 150 MHz
and a maximum sampling rate of 1 GS/s). Ensuring
accuracy, a dedicated high-voltage differential probe
(GW Instek GDP-025) was employed to establish a reli-
able connection between the high-frequency stunner
source and the oscilloscope.
Immediately after stunning, the birds were slaugh-

tered by a licensed slaughterman according to the halal
slaughter procedure, by severing the trachea, esophagus,
carotid artery and jugular vein, as indicated in the
Malaysian Standard MS1500:2009 (Department of
Standards Malaysia, 2009). The birds were subsequently
left on a moving shackle to bleed for 4 min before taken
for muscle sampling to ascertain death as per the halal
protocol requirement. The right Pectoralis majormuscle
was removed from the carcass and portioned for meat
quality analysis. Drip loss, cooking loss, shear force,



Figure 1. Carcass petechial hemorrhages, broken bones, red wing tips, hematoma, and ecchymosis/ blood splash.
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color, pH and texture profile analysis (TPA) samples
were subjected to 1 and 7 d of ageing at 4°C before
stored in -80°C until subsequent analysis.
Carcass Quality

Carcass evaluation was executed using a modified
method of Kranen et al. (1996). Upon completion of
evisceration and dressing, pictures of each carcass (dor-
sal & ventral, with a black background) were taken to
be evaluated for carcass evaluation parameters
(Figure 1). Scores were given based on the level of sever-
ity of each incidence. Score 0: Absence of petechial hem-
orrhage/ ecchymosis/ hematoma/ broken bones/
bruised and reddish wing tips, score 1: 1−2 incidence,
score 2: 3−7 incidence, score 3: 8−10 incidence, score 4:
11 Above incidence, Score 5: Fiery red areas (Figure 1).
Physico-Chemical Properties

pH Measurement The pH of meat prerigor (less than
20 min or 0 h postmortem) and postrigor (1 d and 7 d
postmortem) were determined using an indirect method
using a portable pH meter (Mettler Toledo, AG 8603,
Switzerland), according to the method described by
Hayat et al. (2021). Prerigor samples were snap-freeze in
liquid nitrogen and stored at -80°C until further analy-
sis, whereas samples for d 1 and 7 were aged at 4°C
before transferred to -80°C upon completion of each
postmortem ageing duration. Prior to reading, the pH
meter was calibrated at pH 4, pH 7, and pH 9. To pre-
vent further glycolysis, approximately 0.5 g of Pectoralis
major muscle was crushed using liquid nitrogen and
homogenized (Wiggen Hauser D-500, Germany) for 20 s
in 10 mL of ice-cold distilled water with the presence of
5 mM sodium iodoacetate (Merck Schuchardt OHG,
Germany). pH of the mixture was measured using the
handheld glass electrode connected to the pH meter.
Drip Loss Determination The water holding capacity
of Pectoralis major muscle was determined based on the
percentage of drip loss and cooking loss after postmor-
tem ageing of 1 d and 7 d. For drip loss, approximately
30 g of fresh Pectoralis major muscle was removed from
the carcass, weighed and recorded as initial weight
(Wa). The weighted muscle samples were then placed in
polyethylene bags, properly labelled, vacuum packed
and stored in a 4°C chiller for 1 d and 7 d (Hayat et al.,
2021). Immediately after the completion of each post-
mortem storage duration, the muscle samples were
taken out of from the bag, gently dapped with paper
towels and reweighed. The weight after postmortem
storage was recorded as the final weight (Wb). The fol-
lowing formula was used to determine the percentage of
drip loss (Honikel, 1998):

Drip loss %ð Þ ¼ Wa �Wb
Wa

� �
� 100

Where Wa is the muscle sample weight before postmor-
tem storage (g) and Wb is the sample weight after post-
mortem ageing (g).
Cooking Loss Determination Cooking loss was deter-
mined after the completion of 1 d and 7 d of postmortem
ageing. 50 g § 1 g of Pectoralis major muscle was
removed from the carcass, gently dapped with paper
towels and weighed (Wx). The meat samples were then
placed in a water-impermeable polyethylene bag and
vacuum-packed. The samples were then cooked in a pre-
heated water bath at 80°C for 20 min. After 20 min,
when the internal temperature of the meat reached 78°C
as shown by a stabbing probe thermometer (HI 145-00
thermometer, HANNA instruments), the meat was
allowed to cooked for another 10 min to ensure that all
the other meat samples had attained similar final inter-
nal temperature. The meat samples were then removed
from the water bath, equilibrated to room temperature
by placing them under running water, removed from the
plastic bag, dapped dry gently using paper towels with-
out squeezing, and reweighed (Wy) (Honikel, 1998).
The cooking loss percentage was calculated using the fol-
lowing equation:

Cooking loss %ð Þ ¼ Wx �Wy
Wx

� �
� 100

WhereWx is the muscle sample weight before cooking in
the water bath (g) and Wy is the muscle sample weight
after cooking in the water bath (g).
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Shear Force Measurement Shear force determination
was carried out using samples from cooking loss analysis.
For each sample, at least 3 replicate blocks (1 cm x 1 cm
x 2 cm) were cut in parallel to the direction of muscle
fibers and each block was sheared at the center and per-
pendicular to the longitudinal direction of the fibres
(Sazili et al., 2005). Prior to shear force measurement,
the equipment [(TA.HD plus Texture Analyzer (Stable
Micro System, Surrey, UK)] was calibrated using 5 kg
weight for force, whilst, return distance for height and
return speed were set at 20 mm and 20 mm/s, respec-
tively. The average peak positive force value for all
blocks from each individual sample was used to deter-
mine shear force values (Hayat et al., 2021).
Color Values Determination For color analysis, 30 §
1 g of Pectoralis major muscles from each treatment was
removed from the carcass, the skin was removed, vacuum
packed, and divided into 2 ageing periods (1 d and 7 d) at
4°C. Meat color determination was carried out using Col-
orFlex EZ spectrophotometer (HunterLab Reston, VA)
to obtain the International Commission on Illuminance
Lab-values (L*: lightness, a*: redness, b*: yellowness, C*:
Chroma, h: hue angle). D65 illuminant with 10° angle
standard observer (aperture size 5 cm) was used during
measurement (Hayat et al., 2021). The device was cali-
brated against black and white tiles prior to analysis. The
frozen samples from the -80°C freezer were thawed over-
night at 4°C. The thawed samples were unpacked and
bloomed for 30 min, following which the bloomed surface
was placed in contact with the bottom of the ColorFlex
cup. For each sample, after the first measurement, the
cup was rotated 90° for the second and third readings.
The average for the 3 readings was used to represent the
value of each color parameters (Hayat et al., 2021).
Texture Profile Analysis

Texture profile analysis (TPA) was conducted
directly after the completion of each postmortem ageing
period. Pectoralis major muscle (30 § 1 g) was cooked
in a preheated water bath (80°C) for 30 min, before
cooled down and cut into chunks of 1.5 cm x 1.5 cm size
Table 1. The effect of different electrical frequency and voltage com
broiler meat.

Parameters Frequency (Hz)

Voltag

2.5 10.5

Petechial hemorrhage 50 1.4 § 0.22 a,x 1.9 § 0.23 a,x

300 1.2 § 0.13 a,x 1.3 § 0.15 a,y

P-value (Freq.) 0.4486 0.0453
Ecchymosis 50 0.5 § 0.27 a,x 0.3 § 0.21 a,x

300 0.6 § 0.22 a,x 0.9 § 0.28 a,x

P-value (Freq.) 0.7771 0.1033
Red wing tips 50 0.6 § 0.27 a,y 1.2 § 0.39 a,x

300 1.5 § 0.22 a,x 1.9 § 0.28 a,x

P-value (Freq.) 0.0186 0.1597
Broken bones 50 0.8 § 0.42 ab,x 1.4 § 0.56 a,x

300 0 § 0 a,x 0.6 § 0.4 a,x

P-value (Freq.) 0.0706 0.2612
abMeans with different superscript letters within the same row differ significa
xyMeans with different superscript letters within the same column differ si

§SEM (standard error of mean). V: volt; F: frequency.
with 1 cm thickness (Hayat et al., 2021). TPA measure-
ments were conducted using TA.HD plus Texture Ana-
lyzer (Stable Micro System, Surrey, UK) equipped with
P/75 compression probe. Prior to measurement, the
instrument was calibrated with a 5 kg load cell (force
calibration) and 20 mm return distance, 10 mm/s return
speed, and 5 g contact force for probe height calibration.
The instrument settings were preset and fixed at
1.0 mm/s (pre-test speed), 5.0 mm/s (test speed), and
5.0 mm/s (post-test speed). Samples were positioned in
the middle of the platform before being double com-
pressed, in which the second compression uses 50%
strain (Asyrul-Izhar et al., 2021). The hardness (kg),
adhesiveness (g.sec), springiness (mm), cohesiveness,
gumminess (g), chewiness (g mm) and resilience of each
sample were then recorded and calculated.
Experimental Design and Statistical Analysis

Data for physicochemical and textural properties were
analyzed by 3-way Analysis of Variance (ANOVA)
while data for carcass evaluation were analyzed by
2-way Analysis of Variance (ANOVA) using General
Linear Model (GLM) procedure of Statistical Analysis
System 9.4 (SAS Institute Inc., Cary, NC, USA).
Duncan’s Multiple Range Test was used to compare the
significant difference between treatments (P < 0.05).
RESULTS AND DISCUSSIONS

Effect of Different Voltage and Frequency on
Carcass Quality

The analysis of carcass defects holds the utmost signifi-
cance for various reasons, encompassing the assurance of
food safety, preservation of high-quality standards, fos-
tering consumer confidence, and adherence to regulatory
norms. These factors collectively contribute to the
enhancement of the economic value of the final product.
Differences in carcass quality parameters for birds
stunned at different voltages and frequencies are shown
in Table 1. Results indicate that no significant
binations of water-bath stunning procedure on carcass quality of

e (V)

P-value (Voltage) P-value (F x V)30 40

1.5 § 0.22 a,x 1.4 § 0.16 a,x 0.3029 0.5135
1.1 § 0.10 a,x 1.3 § 0.21 a,x 0.7685

0.1198 0.7142
0.5 § 0.27 a,x 1.0 § 0.33 a,x 0.3293 0.2454
0.6 § 0.27 a,x 0.5 § 0.27 a,x 0.7214

0.7947 0.2581
1.2 § 0.36 a,x 1.5 § 0.40 a,x 0.3566 0.0114
0.7 § 0.21 b,x 0.7 § 0.21 b,x 0.0011

0.2468 0.0954
0 § 0 b,x 0 § 0 b,x 0.0184 0.2967
0 § 0 a,x 0 § 0 a,x 0.0992
0.0000 0.0000

ntly (P<0.05) between ageing voltages.
gnificantly (P<0.05) across stunning frequencies. Means are presented as



Table 2. The effect of different frequencies (50 Hz & 300 Hz) and
voltages (2.5 V, 10.5 V, 30 V & 40 V) of electrical water-bath
stunning procedure on pH, drip loss, cooking loss and shear force
of Pectoralis major muscle at prerigor (0 h) and postrigor (1 d
and 7 d).

ANOVA (P-value) Ph Drip loss
Cooking

loss
Shear
Force

Main effects:
Frequency (F) 0.2029 0.0290* 0.1895 0.1064
Voltage (V) 0.0387* 0.0887 0.0003** 0.6413
Postmortem ageing (A) <0.0001*** <0.0001*** <0.0001*** 0.1876

2-way interactions:
F x V 0.2188 0.1652 0.3459 0.7372
F x A 0.1307 0.4307 0.0575 0.0062**
V x A 0.0115* 0.0085** 0.6603 0.0779

3-way interactions:
F x V x A 0.7237 0.4967 0.6443 0.7782

N = 240, n = 30. ANOVA, analysis of variance.
*P < 0.05.
**P < 0.01.
***P < 0.001.
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interactions (P > 0.05) were recorded for all carcass qual-
ity parameters except for red wing tips. The incidence of
petechial hemorrhage was higher (P < 0.05) in birds sub-
jected to 10.5 V and 50 Hz (low frequency) compared to
300 Hz with the same voltage. Petechial hemorrhage
refers to the appearance of small, pinpoint-sized red spots
on the skin (Kuttappan et al., 2017). These tiny hemor-
rhages occur when capillaries rupture, leading to leakage
of blood to surrounding tissues (Kranen et al., 1996).
Low voltage stunning had been associated with the
inability to render birds’ unconscious (Bourassa et al.,
2017). Conscious birds are highly prone to stress and
pain, either during handling, shackling, slaughtering and
especially during ineffective stunning. The build-up of
stress and pain will lead to an increase in pressure in the
blood vessels and capillaries, causing them to rupture
(Gregory and Grandin, 1998; Sabow et al., 2017). The
outcome of the studies agreed with the findings reported
by Kuttappan et al. (2017), who reported a significant
impact of the head-only electrical stunning procedure on
the incidence of hemorrhage in breast muscle.

Birds stunned at high frequency (300 Hz) coupled
with 2.5 V had higher red wing tip scores, in comparison
with birds stunned at low frequency (50 Hz). As stated
previously, low voltage had a low tendency to render
birds’ unconscious, thus leading to excessive and violent
wing flapping throughout the process (Bourassa et al.,
2017). More recently, Huang et al. (2017) revealed that
low voltage (5, 15, and 25 V) had a more detrimental
impact on Pectoralis major muscle damage compared to
high voltage (35 and 45 V). On the contrary, Bourassa
et al. (2017) reported that there was no significant
impact of different voltage of direct current (DC-15 V
and 25 V) and alternate current (AC-0 V, 100 V, and
120 V) on red wing tips score. Excessive flapping can
result in wing bruising and damage, which may lead to a
higher incidence of red wing tips.

In the industry, broken bones are the main factor for
carcass downgrading. Broken bone incidence was not
detected in birds subjected to high voltage (30 V and
40 V) for both low and high frequencies, which indicates
an efficient stunning procedure. With sufficient voltage,
an electrical current is passed through the brain, which
disrupts its normal functions and leads to unconscious-
ness (Sabow et al., 2017). The birds become unrespon-
sive to external stimuli, thus indirectly minimizing
struggling and wing flapping, the leading cause of bro-
ken bones (Sabow et al., 2017). The results obtained in
this study were in contrary to the findings by Bourassa
et al. (2017) which reported no significant impact of dif-
ferent voltages and flow of current (AC or DC).
Effect of Different Voltages, Frequencies,
and Postmortem Ageing Days on Meat
Quality Parameters

Meat quality parameters as affected by the voltage,
frequency, and postmortem ageing are presented in
Table 2.
pH Value The pH level of meat plays an important role
in determining final meat quality. pH can affect other
meat quality parameters, particularly regarding tender-
ness, color, flavor, and shelf life. In this study, there was
a significant 2-way interaction (P < 0.05) between volt-
age and ageing days (Table 2). The changes in pH
throughout the ageing days depended on the voltage
used during stunning. Using 2.5 and 10.5 V during stun-
ning significantly reduced meat pH after 1 and 7 d of
postmortem ageing, while a significant drop in pH for
birds stunned using 30 and 40 V was only seen on d 1.
On the final ageing day (d 7), the pH value of meat for
birds stunned at 2.5 and 10.5 V was significantly lower
(P < 0.05) than the other voltages (Table 4). Based on
Table 3, the main effects of voltage and ageing have a
significant (P < 0.05) effect on pH, while frequency does
not significantly affect pH level in meat (Table 2).
Postmortem changes, particularly the intricate pro-

cesses of glycolysis within muscle tissue following slaugh-
ter, wield a crucial role in determining the ultimate pH
of meat. After exsanguination, birds are deprived of oxy-
gen; thus, to maintain normal cell metabolism and
attain energy, the body opts for anaerobic respiration
process called glycolysis that converts glycogen into lac-
tic acid (Mir et al., 2017). The rate and amount of lactic
acid accumulation in meat will determine the final pH of
meat. Preslaughter handling and processing efficiency
significantly influence the rate and extent of glycolytic
changes. Stress and pain induced by unsuccessful stun-
ning inflict suffering upon birds during shackling, elec-
trocution, neck cutting, and the bleeding period. Each
painful episode accumulates stress, manifesting in
heightened physical responses like wing flapping, jerk-
ing, and an increased heart rate, necessitating glycogen
consumption (Kumar et al., 2023a). The study’s out-
come indicated that low voltage stunning has been asso-
ciated with reduced meat pH levels, indicative of a
predisposition to PSE (pale, soft, exudative) meat inci-
dence. Fear, stress, anxiety, and pain contribute to gly-
cogen depletion in the muscle before slaughter. The



Table 3. The effect of different electrical voltages of electrical water-bath stunning procedure and ageing duration on the pH value of
broiler meat.

Voltage (V)

Postmortem ageing (Days)

P-value (A) P-value (V x A)
0 1 7

Mean (SEM) Mean (SEM) Mean (SEM)

2.5 6.25 § 0.05 a,x 5.91 § 0.02 b,x 5.68 § 0.02 c,xy 0.0054
10.5 6.21 § 0.02 a,x 5.92 § 0.02 b,x 5.62 § 0.05 c,y 0.0068 0.0046
30 6.15 § 0.03 a,x 5.88 § 0.09 b,x 5.79 § 0.02 b,x 0.0321
40 6.24 § 0.04 a,x 5.87 § 0.05 b,x 5.84 § 0.01 b,x 0.0544
P-value (V) 0.4655 0.5622 0.0115

abcMeans with different superscript letters within the same row differ significantly (P < 0.05) between ageing duration.
xyMeans with different superscript letters within the same column differ significantly (P < 0.05) across stunning voltages. Means are presented as

§SEM (standard error of mean). V: volt; A: ageing days.
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reduction of glycogen reserves causes acceleration of
postmortem glycolysis and causes a rapid pH decline
(Salwani et al., 2015). Previous studies have docu-
mented mixed results regarding the impact of electrical
stunning on meat pH. Sirri et al. (2017) reported that
there was no significant impact of increasing the electri-
cal amperage during high frequency stunning (400 Hz)
from 90 mA/bird to 150 mA/bird. However, our findings
were in agreement with Huang et al. (2017), in which a
decrease in pH was observed after 24 h of ageing, with
no significant difference among the different voltages
after 24 h. Kissel et al. (2015) also reported that the 24-h
meat pH for birds subjected to no stunning was signifi-
cantly lower than for stunned birds.

In our study, birds subjected to low voltage stunning
procedures (2.5 V and 10.5 V) exhibited a continued
drop in pH even after d 1 and d 7 of ageing. Beyond post-
mortem glycolysis, the prolonged decline in pH during
storage may be linked to protein breakdown. Enzymes
in the muscle tissue engage in proteolysis, breaking
down proteins and releasing amino acids that influence
pH regulation and overall meat acidity. Notably, the evi-
dence indicates that high voltage stunning (30 and 40 V)
resulted in early glycogen depletion, with no significant
drop in meat pH observed after d 1 of ageing.
Drip Loss Percentage The water holding capacity of
meat is the ability of meat to retain water throughout
different processing and cooking methods. Meat’s ability
to retain water will be reflected in their juiciness, tender-
ness, and overall eating experience. Table 4 present the
Table 4. The effect of different electrical voltage of electrical
water-bath stunning procedure and ageing duration on drip loss
percentage (%) of broiler meat.

Voltage (V)

Postmortem ageing (Days)

P-value (A)
P-value
(V x A)

1 7
Mean (SEM) Mean (SEM)

2.5 2.79 § 0.48 b,x 4.04 § 0.27 a,y 0.0305
10.5 2.71 § 0.22 b,x 4.22 § 0.22 a,y <0.0001 0.0085
30 2.49 § 0.20 b,x 5.53 § 0.39 a,x <0.0001
40 2.48 § 0.18 b,x 4.28 § 0.22 a,y <0.0001
P-value (V) 0.8334 0.0011

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between ageing duration.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across stunning voltages. Means are presented as
§ SEM (standard error of mean). V: volt; A: ageing days.
impact of different voltages on drip loss percentage
between two postmortem ageing periods. Based on the
results, a significant (P < 0.05) 2-way interaction
between voltage and ageing on drip loss percentage was
detected. Stunning birds using 30 V led to a higher drip
loss percentage after 7 d of ageing. However, regardless
of any voltages used, the drip loss percentage on d 7 was
significantly (P < 0.05) higher than on d 1. The main
effects of frequency and ageing have significantly (P <
0.05) affected drip loss (Table 2).
Drip loss in meat signifies the release of moisture or liq-

uid during the various processing, handling, and storage
stages (Mir et al., 2017). The moisture or liquid contribut-
ing to drip loss originates from free water, water not
bound to or associated with proteins or other structures
within the meat (Ertbjerg and Puolanne, 2017). However,
the variation of electrical voltages used during stunning
and the extent of postmortem ageing can contribute to
changes in drip loss percentage. Our findings reveal a pos-
itive correlation between drip loss and ageing time, indi-
cating an increase in the former with extended ageing.
This aligns with the pH results, demonstrating a propor-
tional decrease in drip loss with declining pH. As meat
pH decreases during prolonged storage due to the conver-
sion of glycogen to lactic acid, protein denaturation
occurs, particularly within myofibrillar proteins, altering
their native structure. Myofibrillar proteins, initially
exhibiting an affinity for water (Bekhit et al., 2016),
unfold as the native structure is disrupted by the decreas-
ing meat pH. This unfolding of protein exposes hydropho-
bic regions of the proteins, ultimately reducing their
water-binding capacity. Huang et al. (2017) reported no
significant difference in drip loss between broilers sub-
jected to different voltages (5, 15, 25, 35, 45 V).
Notably, the process of ageing meat contributes to an

elevation in drip loss. Prolonged chill storage impacts
drip loss through interconnected factors linked to post-
mortem changes (Aziz et al., 2020). One such factor is
protein denaturation, a consequence of biochemical
transformations in meat. The denaturation of proteins
diminishes the water-binding capacity of the meat (Ley-
gonie et al., 2012). Additionally, given that the meat
ages at a chilled temperature, residual enzymatic activ-
ity persists. Proteolytic enzymes breaking down proteins
can result in structural dismantling, influencing the
meat’s ability to retain water.



Table 5. The effect of different electrical voltage of electrical
water-bath stunning procedure on cooking loss percentage (%) of
broiler meat.

Voltage (V) Cooking loss (%) P-value

2.5 19.20 § 0.58 ab

10.5 18.12 § 0.46 b 0.0003
30 20.72 § 0.80 a

40 20.55 § 0.43 a

abMeans with different superscript letters differ significantly (P < 0.05)
between across stunning voltages. Means are presented as §SEM (stan-
dard error of mean).

Table 6. The effect of different electrical frequencies of electrical
water-bath stunning procedure and ageing duration on shear force
value (kg) of broiler meat.

Frequency
(Hz)

Postmortem ageing (Days)

P-value (A)
P-value
(F x A)

1 7
Mean (SEM) Mean (SEM)

50 1.07 § 0.06 a, x 1.00 § 0.043 a,x 0.3447 0.0085
300 0.86 § 0.04 b,y 1.05 § 0.042 a,x 0.0025
P-value (F) 0.0055 0.3786

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between ageing duration.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across stunning frequencies. Means are presented
as §SEM (standard error of mean). F: frequency; A: ageing days.
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Cooking Loss Percentage The effect of frequency,
voltage, ageing and their interactions are recorded in
Table 2. All possible interactions between the factors in
this study have shown no significant (P > 0.05) effect on
cooking loss. Based on the results, cooking loss percen-
tages were significantly affected by the main factors,
which are voltage and ageing. Cooking loss percentage
significantly (P < 0.05) increases in samples subjected to
stunning at 30 and 40 V. The highest cooking loss was
found in birds subjected to 30 V of stunning (Table 5).

Cooking loss is an essential indicator of water-holding
capacity, representing the weight or moisture lost during
cooking. Several factors, including cooking method, tem-
perature, cooking time, and the initial characteristics of
the meat, influence this natural occurrence. Our findings
reveal a correlation between stunning voltage and cook-
ing loss percentage in birds. Those stunned at higher vol-
tages exhibited a more significant cooking loss,
potentially attributable to the more intense and rapid
electric shock they experienced. This heightened stress
response, characterized by the release of hormones like
cortisol, has implications for postmortem metabolism.
The accelerated glycolysis induced by stress leads to a
reduction in meat pH. Similar to drip loss, the decreased
pH may contribute to the denaturation of myofibrillar
proteins, compromising the meat’s ability to retain
water during cooking. However, the outcome of our
study differs from the results obtained by Sirri et al.
(2017), who observed no significant differences in cook-
ing loss between broilers subjected to 90 mA of electrical
current with 150 mA.
Shear Force Shear force is one of the most well-known
means to assess the tenderness of meat. The force
required to shear or cut a meat sample will be quantified
and considered as a measurement of meat texture. A sig-
nificant (P < 0.05) 2-way interaction between frequency
and ageing was observed in this study (Table 2). The
force required to shear meat samples on d 1 of ageing
depended on the stunning frequency. On d 1, meat sam-
ples from birds stunned using 300 Hz required signifi-
cantly (P < 0.05) lower force to shear than 50 Hz.
However, with an increase in ageing time, meat samples
from the 300 Hz group significantly (P = 0.0085) fluctu-
ated in shear force value (Table 6). Aside from the inter-
action between frequency and ageing, other paramount
factors and possible interactions had no significant (P >
0.05) impact on shear force.
While the shear force of meat may not be directly
influenced by electrical frequency during stunning, the
chosen frequency profoundly affects the overall success
of the stunning procedure, thereby impacting meat qual-
ity. Our findings indicate that stunning birds at a higher
frequency result in a decreased shear force value, signify-
ing better meat tenderness. High-frequency stunning
has been associated with faster and more effective stun-
ning compared to low-frequency methods. A successful
and efficient stunning process can reduce preslaughter
stress experienced by the birds. Calmer birds expend less
energy during slaughter and bleeding periods, slowing
the rate of glycolysis and glycogen conversion to lactic
acid. Maintaining a normal glycolysis rate minimizes
protein denaturation effects, allowing myofibrillar pro-
teins to retain their structure better. With the native
structure preserved, myofibrillar proteins maintain their
ability to bind with water, yielding more desirable tex-
tural properties (Ertbjerg and Puolanne, 2017). Huang
et al. (2014) observed that the use of high frequency
(750 Hz, 15 V, DC) led to lower shear force compared to
un-stunned birds, low frequency (50 Hz, 50 V, AC).
However, our results contradict Sirri et al. (2017), who
reported no significant difference in shear force value in
chicken breast meat with different electrical currents
(T1: 90 mA and T2: 150 mA).
Effect of Different Voltages, Frequencies and
Postmortem Ageing Days on Meat Color
Coordinates

Meat color is one of the most critical organoleptic
characteristics of meat products. The color of meat dur-
ing display on supermarket shelves and at the point of
purchase reflects the sensory quality and product safety
in the eyes of the consumers. The statistical significance
of the main effects (frequency, voltage, ageing), 2-way
interaction and 3-way interaction for each meat colour
coordinates are presented in Table 7.
Lightness Value Lightness (L*) represents the per-
ceived brightness of the color and ranges from 0 (black)
to 100 (white). In meat color, a higher L* value indicates
a lighter or brighter color, while a low L* value indicates
a darker color. The outcome of the study suggested that
there is a significant 2-way interaction (P < 0.01)



Table 7. The effect of different frequencies (50 Hz and 300 Hz) and voltages (2.5 V, 10.5 V, 30 V and 40 V) of electrical water-bath stun-
ning procedure on color coordinates of Pectoralis majormuscle at prerigor (0 h) and postrigor (24 h amd 7 d).

ANOVA (P-value) Lightness (L*) Redness (a*) Yellowness (b*) Chroma (C*) Hue (h*)

Main effects:
Frequency (F) 0.166 0.0065** <0.0001*** <0.0001*** 0.7496
Voltage (V) 0.001** 0.3286 0.0009** 0.0024** 0.0758
Postmortem ageing (A) 0.165 0.0311* 0.2277 0.1287 0.0561

2-way interactions:
F x V 0.020* 0.9737 0.9885 0.9901 0.9097
F x A 0.075 0.3320 0.0404* 0.0474* 0.8614
V x A 0.939 0.5826 0.8626 0.798 0.7178

3-way interactions:
F x V x A 0.626 0.1511 0.9798 0.9301 0.0702

N = 240, n = 30. (ANOVA) Analysis of Variance.
*P < 0.05.
**p < 0.01.
***p < 0.001.
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between frequency and voltage on lightness value. The
effect of frequency depended on the voltage used during
stunning. Birds stunned using 10.5 V exhibited lowest
lightness value (P < 0.05) at 50 Hz frequency (Table 8).
On the other hand, the meat lightness of birds subjected
to 30 V decreases (P < 0.01) with an increase in stunning
frequency. Aside from the interaction between frequency
and voltage, the main effects of voltage had shown a sig-
nificant impact on the L* value. In contrast, the rest of
the factors and interactions were not significant.

The lightness (L*) of meat stands out as the crucial
indicator for detecting PSE (pale, soft, exudative) char-
acteristics. Elevated lightness, stemming from compro-
mised water-holding capacity, notably through
increased drip loss, poses a significant threat to meat
quality and consumer preferences. Lightness exhibits a
notable sensitivity to voltage fluctuations in low-fre-
quency stunning, with higher voltages (30 V and 40 V)
correlating with elevated L* values. The application of
high voltage potentially induces acute stress in birds,
prompting the release of stress-related hormones like
adrenaline, noradrenaline, and corticosterone. In an oxy-
gen-deprived environment, gluconeogenesis is inter-
rupted. Instead, these hormones drive glycogenolysis,
converting muscle glycogen into lactic acid for energy,
subsequently lowering pH and diminishing water-hold-
ing capacity. The poor water-holding capacity results in
Table 8. The effect of electrical frequencies and voltages of elec-
trical water-bath stunning procedure on lightness (L*) value of
broiler meat.

Voltage (V)

Frequency (Hz)

P-value (F)
P-value
(F x V)

50 300
Mean (SEM) Mean (SEM)

2.5 47.87 § 0.65 a,x 47.24 § 0.65 a,x 0.5019
10.5 45.57 § 0.55 a,y 47.01 § 0.46 a,x 0.0529 0.020
30 49.67 § 0.65 a,x 47.36 § 0.54 b,x 0.0092
40 48.65 § 0.61 a,x 47.83 § 0.53 a,x 0.3171
P-value (V) 0.0001 0.7526

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between frequencies.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across stunning voltages. Means are presented as
§SEM (standard error of mean). F: frequency; V: voltage.
increased liquid and moisture on the meat surface,
amplifying light reflection when measured by the
machine (Hayat et al., 2021).
Aside from light refraction caused by excessive surface

moisture, protein denaturation introduces an additional
way to how light traverses through the meat tissue. The
denaturation process, characterized by protein unfold-
ing, changes how light scattering actions occur com-
pared to the normal refractive behavior of proteins. The
results obtained do not align with the findings by Huang
et al. (2017) and Sirri et al. (2017), in which no signifi-
cant difference in lightness value was observed between
different stunning voltage and electrical amperage. How-
ever, regarding the stunning procedure, Riggs et al.
(2023) reported that the lightness value of the electri-
cally stunned meat was significantly lower than that of
the controlled atmosphere stunning.
Redness Value In meat, a higher positive redness (a*)
value is associated with a more pronounced red color.
Redness value varies among species, and it is affected by
cooking and ageing processes. Results obtained had
shown that there is no significant interaction between
frequency, voltage and ageing. Only the main effects of
frequency and ageing have a significant effect on the red-
ness of meat samples. Birds stunned using 300 Hz fre-
quency registered significantly higher (P < 0.01) redness
values compared to those stunned at 50 Hz (Table 9).
Redness of meat is a significant attribute in certain

meat products and is usually associated with myoglobin
pigment (Lawrie, 2006; Wideman et al., 2016; Mir et al.,
2017). The distribution and state of myoglobin, whether
it is in an oxygenated or deoxygenated state, will influ-
ence the redness depth in meat. Oxymyoglobin is a
Table 9. The effect of electrical frequencies of electrical water-
bath stunning procedure on redness (a*) value of broiler meat.

Frequency (Hz) Redness (a*) P-value

50 6.71 § 0.22b 0.0065
300 7.52 § 0.21a

abMeans with different superscript letters differ significantly (P < 0.05)
between frequencies. Means are presented as §SEM (standard error of
mean).
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bright red pigment, whereas metmyoglobin will appear
brown. The results suggest that low frequency leads to
lower redness value. Low-frequency stunning has been
associated with being less effective in rendering animals
unconscious quickly and efficiently compared to high fre-
quencies. Inefficient stunning will lead to heightened
stress and pain during stunning, slaughtering and bleed-
ing. Myoglobin structure can be denatured due to low
pH due to rapid glycogen depletion from excessive move-
ment and stress. Denatured myoglobin will have a signif-
icantly decreased ability to bind with oxygen. The drop
in pH will also influence the activity of some enzymatic
systems, including those responsible for metmyoglobin-
reducing activity (MRA). Metmyoglobin-reducing
activity is in charge of regulating the conversion of met-
myoglobin to myoglobin. The study on the impact of
electrical frequency on meat quality is scarce and pri-
marily focuses on voltage and amperage. Previous stud-
ies have reported the significant impact of different
voltages (Huang et al., 2014,2017) and amperage (Sirri
et al., 2017) on the redness of broiler chicken breasts.
Yellowness Value For the industry, measuring yellow-
ness (b*) is an essential step to enunciate freshness, espe-
cially in poultry meat, which will alter consumer
perception of the meat product. In this study, there is a
significant 2-way interaction between frequency and
ageing, where the response to different ageing durations
on b* depended on the stunning frequency used to
desensitize the birds. Birds stunned using 50 Hz have
significantly (P < 0.05) lower b* value than 300 Hz.
Additionally, an increase in postmortem ageing duration
leads to a decrease (P < 0.05) in the b* value for groups
subjected to 300 Hz stunning frequency (Table 10).
Aside from interaction, the main effects of frequency
and voltage had a significant effect on b* values
(Table 7).

Yellowness in poultry is as crucial as redness in rumi-
nants-derived meat. In this study, the frequency signifi-
cantly influenced yellowness. As mentioned in the
previous sub-chapters, the high frequency had a higher
affinity to render animals unconscious, thus resulting in
lower glycogen usage due to reduced wing flapping and
struggling movement during slaughtering and while
bleeding. The meat pH slowly went down to achieve the
optimal pH. Less denaturation of myoglobin pigments
Table 10. The effect of electrical frequencies of electrical water-
bath stunning procedure and ageing duration on yellowness (b*)
value of broiler meat.

Postmortem
ageing (Day)

Frequency (Hz)

P-value (F)
P-value
(F x A)

50 300
Mean (SEM) Mean (SEM)

1 17.79 § 0.52 b,x 21.34 § 0.48 a,x <.0001 0.0404
7 18.19 § 0.39 b,x 19.82 § 0.48 a,y 0.0103
P-value (A) 0.5396 0.0282

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between frequencies.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across ageing duration. Means are presented as
§SEM (standard error of mean). F: frequency; A: ageing.
leads to a higher distribution of functional myoglobin in
meat. With the absence of oxygen during ageing, a high
abundance of functional myoglobin pigment is present
in the meat, where some of them cannot bind with oxy-
gen and remain in the state of deoxymyoglobin or met-
myoglobin. Aside from myoglobin denaturation, lipid
oxidation, which involves the reaction of fats with oxy-
gen, will produce various volatile compounds that can
influence the color, flavor, and aroma of meat. It is also
reported that prolonged storage may lead to the growth
of Pseudomonas-associated spoilage bacteria, producing
a slime layer capable of reducing metmyoglobin to deox-
ymyoglobin, thus resulting in a lower yellowness value
(Leygonie et al., 2011; Hayat et al., 2021). Previous
studies reported have shown that there was no signifi-
cant impact of different electrical frequencies (Lafuente
and L�opez, 2014), different electrical stunning methods
(Huang et al., 2014; Riggs et al., 2023), different electri-
cal voltages (Huang et al., 2017), different electrical
amperage (Sirri et al., 2017). However, the outcome of
this study was in agreement with a study conducted by
Siqueira et al. (2017), which showed that broilers
stunned at a higher frequency (650 Hz) resulted in
higher yellowness value compared to broilers subjected
to low frequency (300 Hz).
Chroma Value Chroma (C*) refers to the intensity or
vividness of a color. In the context of meat color, chroma
(C*) is usually used to represent the intensity of redness
in red meats or the intensity of yellow in poultry. In light
of the outcomes from this study, there is a significant
(P < 0.05) 2-way interaction between frequency and age-
ing. The impact of frequency on C* changes depended
on the duration of ageing. Birds stunned at 300 Hz were
seen to have their C* value decreases with an increase in
ageing time (Table 11). Furthermore, stunning birds
using 300 Hz resulted in a significantly (P < 0.05) higher
C* value compared to 50 Hz for both ageing durations.
Additionally, per the results obtained, the C* value was
also significantly affected by the main effects of fre-
quency and voltage (Table 8).
The intensity of color, whether it is redness or yellow-

ness, is very influential in the determination of overall
color parameters and also in convincing consumers
about the meat’s overall palatability. The chroma value
is derived from the value of redness (a*) and yellowness
Table 11. The effect of electrical frequencies of electrical water-
bath stunning procedure and ageing duration on chroma (C*)
value of broiler meat.

Postmortem
ageing (Day)

Frequency (Hz)

P-value (F)
P-value
(F x A)

50 300
Mean (SEM) Mean (SEM)

1 19.14 § 0.56b,x 22.85 § 0.50 a,x <.0001 0.0474
7 19.38 § 0.42b,x 21.09 § 0.51 a,y 0.0117
P-value (A) 0.7373 0.0168

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between frequencies.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across ageing duration. Means are presented as
§SEM (standard error of mean). F: frequency; A: ageing.



Table 13. The effect of electrical voltages of electrical water-bath
stunning procedure and ageing duration on hardness (kg) value of
broiler meat.

Voltage (V)

Postmortem ageing (Days)

P-value (A)
P-value
(V x A)

1 7
Mean (SEM) Mean (SEM)

2.5 5.71 § 0.37 a,y 6.08 § 0.26 a,x 0.4108
10.5 5.05 § 0.34 b,y 5.96 § 0.29 a,xy 0.0433 0.0020
30 6.08 § 0.38 a,y 5.21 § 0.25 b,y 0.0471
40 7.33 § 0.52 a,x 5.69 § 0.28 b,xy 0.0042
P-value (V) 0.0013 0.1074

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between ageing periods.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across voltages. Means are presented as §SEM
(standard error of mean). V: voltage; A: ageing.
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(b*); therefore, a deterioration in the pigment responsi-
ble for redness and yellowness value will be influenced
by chroma. As mentioned in previous chapters, the rate
and amount of myoglobin denaturation depended on the
pH level postmortem. Low pH level due to rapid glyco-
genolysis, caused by excessive movement from ineffec-
tive stunning that was carried out using low frequency,
will lead to changes in the intensity of redness and yel-
lowness in meat. The results of this study were in agree-
ment with Siqueira et al. (2017), who reported a positive
correlation between electrical stunning frequency and
chroma, where an increase in frequency led to an
increase in chroma value. On the other hand, a study
carried out by Sabow et al. (2017) revealed that different
stunning procedure (low-frequency head-only, high-fre-
quency head-to-back) does not affect chroma.
Hue Angle Hue angle (h*) is a measurement of attrib-
utes that distinguishes different colors from one another.
In meat, h* can be used to pinpoint the most dominant
color of the meat, such as red for fresh beef or poultry.
According to our findings, the main effects of frequency,
voltage, ageing, and all possible interactions were not
significant (P > 0.05) for hue angle (Table 7). The
results suggested that there is no dominant color
between redness and yellowness.
Effect of Different Voltages, Frequencies,
and Postmortem Ageing Days on Textural
Properties

The texture of meat is a predominant organoleptic
characteristic as it significantly influences the overall
eating experience and consumer satisfaction. Whether
via tenderness, juiciness, or chewiness, the texture con-
tributes to the sensory experience and can influence con-
sumer perception of a certain product. Table 12
summarizes the statistical significance for each textural
property’s main effects, 2-way interaction, and 3-way
interaction.
Hardness Meat hardness can be interpreted as the
force required for the meat to reach the first major defor-
mation. It is a reflection of the initial resistance encoun-
tered during chewing using our molars teeth. As
indicated by the outcomes of the study, a significant
Table 12. The effect of different frequencies (50 Hz and 300 Hz) and
stunning procedure on rheological properties of Pectoralis majormusc

ANOVA (P-value) Hardness (kg) Adhesiveness (g.sec) Springiness (mm

Main effects:
Frequency (F) 0.5801 0.5129 0.7935
Voltage (V) 0.0263* 0.0978 0.1683
ageing (A) 0.3086 0.7217 0.0035**

2-way interactions:
F x V 0.9809 0.0483* 0.6787
F x A 0.0196* 0.5133 0.0089**
V x A 0.002** 0.9059 0.1802

3-way interactions
F x V x A 0.0629 0.4397 0.0863

N = 240, n = 30. (ANOVA) Analysis of Variance.
*P < 0.05.
**P < 0.01.
***P < 0.001.
(P < 0.01) 2-way interaction was observed between volt-
age and ageing on hardness value (Table 12). The effect
of postmortem ageing on meat hardness depended on
the voltage used during stunning. The use of 30 V and
40 V during stunning significantly (P < 0.05) decreased
meat hardness, whereas stunning birds at 10.5 V
increased meat hardness. Furthermore, meat hardness
after 1 d of ageing was significantly (P < 0.01) affected
by voltage, whereas birds stunned at 40 V had a signifi-
cantly higher hardness value compared to the other vol-
tages (Table 13).
High voltage (30 V and 40 V) decreases hardness after

prolonged postmortem ageing, indicating a better chew-
ing sensation. However, the hardness of meat samples
was found to be higher on d 1 of ageing. Meat at this
stage may still be in the resolution phase in which criti-
cally low levels of adenine triphosphate (ATP) have
limited the ability of the actomyosin crosslink bridges to
return to their relaxed state. Therefore, the crosslink
between actin and myosin is permanently present (Ertb-
jerg and Puolanne, 2017). However, with an increase in
postmortem duration, proteolysis will start to intervene,
thus causing the actomyosin crosslink to be broken,
leading to a decrease in hardness at d 7. The rate at
which energy (ATP) is used may be influenced by volt-
age, where high voltage during stunning renders the ani-
mal to a higher stress level, leading to the release of
stress hormones and the fluctuation in energy usage.
Gezgin and Karakaya (2016) reported that electrically
voltages (2.5 V, 10.5 V, 30 V and 40 V) of electrical water-bath
le at prerigor (0 h) and postrigor (24 h and 7 d).

) Cohesiveness Gumminess (kg) Chewiness (kg.mm) Resilience

0.2321 0.7215 0.98 0.2548
0.2556 0.1788 0.061 0.295
0.0595 0.5771 0.8841 0.0379*

0.2699 0.8739 0.9154 0.045*
0.6185 0.1061 0.6321 0.9535
0.3677 0.012* 0.0046** 0.6223

0.3977 0.0033** 0.0032** 0.8792



Table 14. The effect of electrical voltages and frequencies of elec-
trical water-bath stunning procedure on adhesiveness (g.sec) of
broiler meat.

Voltage (V)

Frequency (Hz)

P-value (F)
P-value
(F x V)

50 300
Mean (SEM) Mean (SEM)

2.5 �2.48 § 0.66 a,x �4.77 § 1.18 a,yz 0.0759
10.5 �3.66 § 0.98 a,x �1.46 § 0.44 a,x 0.0724 0.020
30 �4.59 § 1.07 a,x �5.48 § 1.48 a,z 0.6207
40 �4.35 § 0.99 a,x �2.33 § 0.54 a,xy 0.0172
P-value (V) 0.3741 0.7526

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between frequencies.

xyzMeans with different superscript letters within the same column dif-
fer significantly (P < 0.05) across voltages. Means are presented as §SEM
(standard error of mean). F: frequency; A: ageing.

Table 15. The effect of electrical voltages and frequencies of elec-
trical water-bath stunning procedure on springiness (mm) of
broiler meat.

Postmortem
ageing (Day)

Frequency (Hz)

P-value (F)
P-value
(F x A)

50 300
Mean (SEM) Mean (SEM)

1 0.671 § 0.01 a,x 0.643 § 0.02 a,y 0.1301 0.0089
7 0.674 § 0.01 b,x 0.699 § 0.01 a,x 0.0182
P-value (A) 0.7122 0.0011

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between frequencies.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across ageing duration. Means are presented as
§SEM (standard error of mean). F: frequency; A: ageing.
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stunned broilers were tougher than non-stunned
broilers.
Adhesiveness Adhesiveness is a measurement of the
force required to overcome the attractive forces between
the food surface and the surface of the teeth or in this
study, refers to the compression plate. Understanding
adhesiveness could provide insights into how the meat
behaves when chewed or bitten. In this study, a signifi-
cant 2-way interaction was observed between frequency
and voltage, in which the hardness of birds stunned
using 40 V of voltage was affected by the frequency
used. Birds subjected to 300 Hz had a higher adhesive-
ness than 50 Hz (Table 14). No significant impact (P >
0.05) was observed from the main effects and the other
possible interactions aside from the 2-way interaction
between frequency and voltage (F £ V) (Table 12).

The surface of the meat is an integral part of deter-
mining adhesiveness in meat products. High voltage
(40 V) has led to stress in birds during stunning, thus
draining the energy in the form of glycogen in muscle.
As a result, it leads to a low pH and higher susceptibility
of protein to denature, reducing their ability to retain
water (Mir et al., 2017). With water secreted out onto
the surface of the meat due to its low water retention
ability, the surface of the meat tends to be covered with
moisture, thus associating the meat with higher sticki-
ness and tackiness.
Springiness Springiness is one of the texture parame-
ters that measures the ability of meat to return to its
original shape after deformation. Understanding springi-
ness is important in assessing the resilience or bounce-
back properties of meat during chewing or biting. Meats
with higher springiness values may be perceived as more
resilient and elastic in the mouth, contributing to the
overall textural experience. The results suggested that
there was a significant 2-way interaction between fre-
quency and ageing. The response to different electrical
frequencies depended on the duration of ageing. If the
meat samples were aged for 7 d, the springiness value
increased (P < 0.05) when a higher frequency (300 Hz)
was used. It is also observed that for birds stunned at
300 Hz, ageing meat for only 1 d resulted in a lower (P <
0.01) springiness value (Table 15).
Meat springiness can be influenced by a multitude of
factors, including both physical and biological aspects.
The results suggested that the use of high frequency
(300 Hz) combined with extended ageing duration (7 d)
had increased springiness. The breakdown of collagen
into gelatine through enzymatic activity during ageing
may lead to changes in the structure of meat (Gasto�n
Torrescano et al., 2003; El-Senousey et al., 2013). The
breakdown leads to a decrease in the amount of collagen,
increases tenderness, and ultimately influences the
springiness of meat. High frequency may contribute to a
better stunning efficiency, thus leading to normal bio-
chemical changes postmortem. With less susceptibility
toward rapid glycolytic cycle, protein denaturation will
be minimized, and more water can be retained inside the
muscle. The distribution and amount of water inside the
meat will influence the texture.
Cohesiveness In texture profile analysis, cohesiveness
can be defined as the ability of meat to maintain its
structure and stick together during multiple compres-
sion cycles. A higher cohesiveness value suggests that
the meat maintains its structure and does not easily fall
apart. In this study, cohesiveness was not significantly
affected (P > 0.05) by the main factors (frequency, volt-
age, ageing) nor their combination (Table 12).
Changes in water holding capacity would influence

the cohesiveness of meat (Mir et al., 2017). Excessive
water loss may lead to reduce ability for meat to retain
its structure. Besides that, protein denaturation espe-
cially the one attributed to the structure of muscle fiber,
such as actin and myosin, will lead to a lower cohesive-
ness score.
Gumminess Gumminess is a texture parameter that
describes the chewiness or resistance to swallowing a
food sample based on the force required to disintegrate
the food during mastication. Given the observed out-
come, the main effects did not affect gumminess (P >
0.05). However, the gumminess of meat was affected by
2-way interactions between voltage (V) and ageing (A)
(P < 0.05) (Table 12).
Also, the 3-way interactions of all the factors

(Table 12) were significant, which indicates that the 2-
way interaction between frequency and voltage (F £ V)
affected gumminess differently at one of the ageing peri-
ods (Table 12). A significant interaction between F £ V



Figure 2. The interaction effect between voltage and frequency (F £ V) on gumminess of meat for d 7 of ageing. ABMeans with different letters
differ significantly (P < 0.05) between frequencies. XY means with different letters differ significantly (P < 0.05) across voltages.
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was only observed on d 7 of ageing (P = 0.0090),
whereas for d 1, the P-value for the interaction between
F £ V was only 0.2280. Thus, the F £ V interaction can
only be explained for d 7 of ageing. For meat samples
aged for 7 d, the gumminess value depends on the volt-
age (V) and the frequency used during stunning (F).
For samples aged for 7 d, meat samples stunned using
the combination of 300 Hz and 30 V resulted in signifi-
cantly lower gumminess scores compared to other elec-
trical stunning combinations (Figure 2).

Stunning voltage and frequency may influence meat’s
gumminess, especially after prolonged storage. The
changes in meat gumminess had often been related to
the distribution and amount of water available in meat.
As reported previously in the drip loss section, prolonged
ageing had increased moisture loss. Excessive moisture
loss may be due to the denaturation of proteins and the
breakdown of collagen to gelatine (Gasto�n Torrescano
et al., 2003; El-Senousey et al., 2013). As a result, the
meat will tend to be less juicy but gummier. Based on
the study carried out by Gezgin and Karakaya (2016)
revealed that the firmness of stunned broiler was signifi-
cantly higher than un-stunned.
Figure 3. The interaction effect between voltage and frequency (F £ V
differ significantly (P < 0.05) between frequencies. XY means with different le
Chewiness Gumminess and chewiness are two related
but distinct texture parameters that describe different
aspects of the mechanical properties of a food sample,
such as meat, during the chewing process. Gumminess
specifically focuses on the energy required to disintegrate
the sample, reflecting its cohesive nature. Conversely,
chewiness is a broader measure considering the mechani-
cal effort needed to masticate the sample before swallow-
ing. In this study, gumminess was affected (P < 0.05) by
2-way interactions between voltage and ageing (V £ A)
and also by the 3-way interactions.
In the case of 3-way interaction, it could be described

as the interaction between (V £ F) at each duration of
ageing (A) (Table 12). A significant interaction
between F £ V was only observed on d 7 of ageing
(P = 0.0402), whereas for d 1, the P-value for the inter-
action between V £ F was 0.1236. Thus, the F £ V
interaction can only be explained for d 1 of ageing. For
meat samples aged for one day, the interaction between
F £ V significantly affected the chewiness of the meat.
Like gumminess, the combination between 300 Hz
and 30 V significantly decreased chewiness on d 7
(Figure 3).
) on chewiness of meat for d 7 of ageing. ABMeans with different letters
tters differ significantly (P < 0.05) across voltages.



Table 16. The effect of electrical voltages and frequencies of elec-
trical water-bath stunning procedure on resilience of broiler meat.

Voltage (V)

Frequency (Hz)

P-value (F)
P-value
(F x V)

50 300
Mean (SEM) Mean (SEM)

2.5 0.23 § 0.01 a,x 0.22 § 0.01 a,y 0.1384
10.5 0.22 § 0.01 b,x 0.25 § 0.01 a,x 0.0219 0.045
30 0.23 § 0.01 a,x 0.23 § 0.01 a,xy 0.7877
40 0.23 § 0.01 a,x 0.24 § 0.01 a,xy 0.3701
P-value (V) 0.2966 0.1060

abMeans with different superscript letters within the same row differ
significantly (P < 0.05) between frequencies.

xyMeans with different superscript letters within the same column differ
significantly (P < 0.05) across voltages. Means are presented as §SEM
(standard error of mean). F: frequency, V: voltages.
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The biochemical changes of the meat postmortem
depend on its handling before slaughter. Stress and
struggle during slaughter and bleeding may lead to
higher energy consumption, which impacts the postmor-
tem pH level (Sabow et al., 2017a). Protein denaturation
due to low pH levels in meat will influence water reten-
tion and, ultimately, the chewiness of meat (Ertbjerg
and Puolanne, 2017). Furthermore, storage conditions
may lead to collagen breakdown into gelatine, which
may also influence chewiness.
Resilience Resilience is a texture parameter that meas-
ures the ability of a food sample to recover its original
shape after deformation during the first compression
cycle. While both resilience and springiness describe the
recovery of a sample after deformation, resilience is cal-
culated based on the area under the force-distance curve
during successive compressions, emphasizing the overall
recovery pattern. Springiness, on the other hand, focuses
specifically on the distance the sample recoils after the
initial compression, providing a more direct measure of
the rebounding behavior.

Based on the outcome of the study, resilience was sig-
nificantly affected (P < 0.05) by the 2-way interactions
between frequency and voltage of electrical stunning.
The impact of frequency depended on the voltage used
during stunning. The effect of increased frequency from
50 Hz to 300 Hz on resilience was only visible on birds
stunned at 10.5 V (Table 16).

Stunning birds using low voltage have been associated
with low unconsciousness incidence. In addition to poor
stunning efficiency, they also suffered more stress due to
shackling and electrocution. The accumulative stress
will lead to a decrease in pH thus promoting the rate of
protein denaturation, which is an important determi-
nant of water holding capacity (WHC) (Hayat et al.,
2023). The integrity of the muscle fiber will be disrupted
due to lack of ability to bind water thus affecting the
resilience of the meat.
CONCLUSIONS

The results of the current study reveal a diminished
occurrence of broken bones following exposure to high
electrical stunning frequencies. Except for red wing tips,
the impacts of electrical frequency and voltage on the
carcass characteristics of broiler chickens were indepen-
dent. However, regarding physicochemical properties,
the interaction between voltage and ageing influenced
pH and drip loss. Conversely, the interaction between
frequency and ageing affected shear force, yellowness,
and chroma. Notably, the pectoralis major muscle, aged
for a longer duration (7 d), exhibited a higher drip loss
percentage than a 1-d ageing period across different
voltages.
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