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Abstract: The  process  of  deboning  chicken  feet  has  a  significant  impact  on  the  quality  and  taste  of  chicken  feet  products.
However, comprehensive models for its mechanical properties, particularly in terms of peel strength, are lacking. A TPA-based
model  for  peel  strength  and  related  texture  indicators,  including  hardness,  chewiness,  springiness,  and  adhesiveness,  was
developed, enabling comprehensive characterization of the mechanical behavior of chicken feet during the deboning process.
Regression  analysis  and  MATLAB-based  grid  search  were  used  to  optimize  cooling  temperature,  heating  time,  and  heating
temperature,  with  peel  strength as  the  main constraint.  The optimal  condition was identified as  cooling at  5.0°C,  heating for
8.00  min,  and  heating  at  89.0°C.  This  study  provides  a  quantitative  optimization  framework  that  integrates  mechanical
properties with texture evaluation, enabling precise control of deboning efficiency and product quality. The proposed method
improves  processing  stability  and  offers  a  transferable  modeling  approach  for  other  collagen-rich  food  materials  in  food
engineering applications.
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 1    Introduction
Chicken  feet  are  widely  used  as  a  food  ingredient  in  the  food

industry.  In  countries  such  as  China,  chicken  feet  are  often  turned
into snack foods with high commercial value[1-3]. This transformation
of  chicken  feet  into  snack  foods  not  only  allows  for  their  global
distribution  but  also  increases  profitability  in  the  poultry  slaughter
industry  and  helps  reduce  food  waste[4-6].  In  current  industrial
practice, deboning is a key step that directly determines processing
efficiency and product classification, and it is closely related to the
stability of product quality and consumer acceptance. The deboning
process  is  a  crucial  technological  step  for  large-scale  production,
and  the  quality  and  eating  experience  of  chicken  feet  products  are
strongly  influenced  by  this  process[7].  Chicken  feet  are  made  up  of
tarsometatarsal  and  phalange  bones,  with  the  tarsometatarsal
segment  serving  as  the  primary  support  system  for  the  entire  leg.
This  segment  plays  a  crucial  role  in  providing  essential  functions
such as  impact  resistance  and stability.  Because  of  these  structural
functions,  the  tarsometatarsal  bones  experience  complex  loading
conditions and deformation modes during processing. The muscular
and  ligamentous  structures  within  the  chicken  feet  tarsometatarsal
bones  are  complex  and well  developed and significantly  affect  the
deboning process[8].

The  chicken  feet  tarsometatarsal  bones  can  be  divided  into
anterior,  middle,  and  posterior  segments.  Owing  to  the  irregular

morphology and abundant  soft  tissues  in  the anterior  and posterior
regions,  their  mechanical  properties  are  relatively  complex  and
unstable[9].  Previous  studies  have  shown  that  the  three  segments
exhibit  similar  changes  in  mechanical  performance  and  product
texture  under  different  treatment  conditions[10].  However,  most
studies  have  focused  on  overall  mechanical  behavior  or
macroscopic  texture  changes,  whereas  systematic  quantitative
characterization of peel strength and related mechanical parameters
in  specific  segments  remains  limited.  In  chicken feet  pretreatment,
springiness,  adhesiveness,  hardness,  and  chewiness  are  important
but  distinct  texture  indicators[11-13].  Furthermore,  the  relationships
between  internal  mechanical  properties  and  texture  under  different
treatment  conditions  remain  unclear,  and  models  that
simultaneously characterize peel strength and texture indicators for
process optimization are still lacking.

Texture  profile  analysis  (TPA)  is  widely  used  to  quantify
texture  attributes  such  as  hardness,  springiness,  adhesiveness,  and
chewiness in food matrices, providing a useful mechanical–sensory
framework  for  collagen-rich  tissues  such  as  chicken  feet.  By
establishing  regression  relationships  between  process  parameters
and  TPA  indicators,  changes  in  internal  structure  and  mouthfeel
under  different  treatment  conditions  can  be  described  within  a
unified  mechanical  framework.  Grid-based  search  is  an  effective
approach  for  identifying  optimal  parameter  combinations  in  a
predefined space. Therefore, combining a TPA-based model with a
grid-based  search  strategy  provides  a  quantitative  route  for
integrating  mechanical  properties,  texture  evaluation,  and  process
constraints such as peel strength.

This  study  focuses  on  the  midsection  of  chicken  feet
tarsometatarsal  bones  and  uses  a  grid-based  search  to  optimize
processing  parameters  under  peel-strength  constraints  while
preserving  desirable  texture.  The  objective  was  to  reduce  peel
strength,  improve  deboning  efficiency,  and  maintain  favorable
textural  properties.  The  results  provide  a  quantitative  basis  for
process optimization in chicken feet processing and may also serve
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as a reference for other collagen-rich food materials.
Compared  with  previous  studies  that  mainly  described  overall

mechanical behavior or macroscopic texture changes[14–16], this study
emphasizes  the  quantitative  coupling  of  peel  strength  and  TPA
indicators  in  the  midsection  of  chicken  feet  tarsometatarsal  bones,
thereby providing a more direct basis for deboning-oriented process
optimization.

 2    Materials and methods
 2.1    Materials

Chicken feet of uniform size and without visible damage were
purchased  from  Wumart  Commercial  Group  Co.  (Beijing,  China)
and  used  as  the  raw  materials  in  this  study.  After  purchase,  the
samples  were  immediately  transported  to  the  laboratory  under
refrigerated  conditions  and  stored  at  4°C prior  to  use.  All  samples
were  processed  within  24  h  to  minimize  variations  in
physicochemical  and  mechanical  properties.  Sodium  chloride
(NaCl)  and  rhodamine  B  were  purchased  from  Solarbio
Biotechnology Co. (Beijing, China).
 2.2    Pretreatment

The  chicken  feet  samples  were  thawed  to  room  temperature,
cleaned  by  removing  surface  dirt,  and  rinsed  with  water.  On  the
basis  of  a  single-factor  experiment,  three  factors,  namely,  the
heating  temperature,  heating  time,  and  cooling  temperature,  were
identified as influencing factors[17].

Research  has  indicated  that  once  the  cooling  time  of  chicken
feet  reaches  the  protein  cooling  stabilization  time,  further  cooling
does  not  significantly  affect  the  quality  or  processing  but  affects
only the efficiency. Therefore, the treated chicken feet were cooled
to  the  protein  cooling  stabilization  time  before  the  tests  were
conducted.  Different  treatment  conditions  for  chicken  feet  were
applied according to  the  experimental  design scheme generated by
the Central Composite Design (CCD) tool in Design Expert 8.0, and
the treated samples were prepared for further testing, including TPA
and peel test as shown in Figure 1.
 2.3    TPA

TPA  experiments  were  conducted  using  a  texture  analyzer
(TMS-Pilot,  Food Technology Corporation,  USA) equipped with a

500 N load cell (ILC 500N). A flat cylindrical probe (P/5) was used
for all measurements. The instrument was calibrated prior to testing
according  to  the  manufacturer’s  instructions.  The  following  test
conditions  were  used:  pretest  speed,  1.00  mm/s;  test  speed,
2.00  mm/s;  posttest  speed,  5.00  mm/s;  target  mode,  50%;  and
trigger  force,  5.0  g.  For  the  experiment,  samples  from  the
midsection  of  tarsometatarsal  bones  on  the  posterior  side  of  the
chicken  feet  were  selected  and  cut  into  square  pieces  measuring
5  mm×5  mm.  The  TPA  parameters  measured  included  hardness,
springiness,  adhesiveness,  and  chewiness[18–20].  These  parameters
were  calculated  on  the  basis  of  the  recorded  curves.  All
measurements  were  performed twice  at  different  locations  on each
tissue, and the average values were calculated[21].
 2.4    Peel test

Eσc

In  the  chicken  foot  peel  test,  the  first  step  involved  removing
the  skin  and  toe  bones.  Next,  two  reference  lines  were  drawn
25  mm  apart  on  the  lateral  side  of  the  tarsometatarsal  bones.  The
chicken feet were then cut open along these lines to create peel test
samples.  A specific  length  of  pre-peeling treatment  was  applied  to
facilitate clamping. A hinged-clamping fixture was used to grip the
samples,  ensuring  alignment  of  the  peel  force  with  the  axis  of  the
tarsometatarsal  bones.  This  involved  opening  a  small  hole  with  a
diameter of 3 mm at one end of the tarsometatarsal bones and fixing
one end of the sample through the hole. The other end of the sample
was clamped in a custom-made fixture to ensure firmness and even
distribution  of  the  applied  tensile  force  across  the  width  of  the
sample[15,16,22].  Peel force measurements were conducted via a TMS-
Pilot texture analyzer, with the samples separated at a constant rate
of 100 mm/min, resulting in a 180° peel angle between the skin and
bones  until  complete  detachment  of  the  sample.  The  sampling
frequency of  the texture  analyzer  during the experiment  was set  at
1000 Hz. To ensure that the experimental results are not affected by
sample  breakage,  the  peel  strength  should  be  lower  than  the
maximum  equivalent  tensile  strength[16,22–24].  The  formula  for
calculating  the  equivalent  tensile  strength  ( )  is  provided  by
Equation (1):

Eσc =
Fm

Lb

(1)
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Figure 1    Experimental procedure
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where,    is  the  equivalent  tensile  strength,  N/m;    is  the
maximum load, N; and   is the sample width, m.
 2.5    Grid search

The  search  ranges  and  step  sizes  for  cooling  temperature,
heating time, and heating temperature were determined according to
the  experimental  requirements.  A  parameter  grid  containing  all
possible  combinations  was  then  generated  using  the  mesh  grid
function,  and  the  corresponding  response  values  for  hardness,
springiness,  adhesiveness,  chewiness,  and  peel  strength  were
calculated  from  the  regression  equations  for  each  parameter
combination.  Peel  strength  was  used  as  a  constraint  to  screen  the
combinations,  and  a  weighted  sum  of  the  response  values  was
calculated  to  obtain  the  overall  score.  Combinations  that  did  not
satisfy  the  constraint  were  excluded  by  assigning  negative  infinity
to  their  scores.  The  parameter  combination  that  satisfied  the
constraint  and  yielded  the  highest  score  was  identified,  and  all
combinations with scores greater than or equal to 20, together with
the  corresponding  cooling  temperature,  heating  time,  and  heating
temperature, were output to determine the parameter ranges[25–27].
 2.6    Fluorescence imaging analysis

After  processing,  the  chicken  feet  were  sliced  into  pieces.  A
sample  with  dimensions  of  approximately  10×10×3  mm  and  a
smooth  surface  (necessary  for  visualization  by  CLSM)  was
carefully  removed  via  a  microtome  blade.  The  sample  was  then
placed  in  physiological  saline  (0.154  mol/L  NaCl)  containing
rhodamine  B  (0.4  mg/mL)  and  left  undisturbed  for  90-120  min  to
allow for staining.
 2.7    Experimental design and data analysis

This study focused on three main factors: heating temperature,
heating time,  and cooling temperature.  A central  composite  design
(CCD) with  a  3-factor,  3-level  arrangement  was  used  to  construct
the  experimental  plan,  with  response  surface  analysis  software
applied  for  design  implementation.  The  levels  of  the  factors  are
outlined in Table 1, which includes a total of 17 experimental runs.
In  Table  1,  A  represents  the  heating  temperatures  of  80.0°C,
87.5°C, and 95.0°C. B represents heating times of 5.00 min, 10.50

min, and 16.00 min. C represents the cooling temperature at 0.0°C,
10.5°C, or 25.0°C. The alpha values indicate the level of the factors
at the center point.
  

Table 1    Corresponding actual values of the factors tested in
the central composite design

Factor name –1 +1 –alpha +alpha
A: Heating temperature/°C 80.0 95.0 74.886 550 100.113 400

B: Heating time/min 5.00 16.00 1.250 139 19.749 860
C: Cooling temperature/°C 0.0 25.0 –8.522 410 33.522 410

Note: alpha=1.681 79.
 

The data collected in this study were obtained through multiple
measurements, with each measurement being conducted in triplicate
or  more.  The  average  values  were  then  calculated  from  these
measurements. Both positive and negative standard deviations were
determined, with error bars used for data representation.

Statistical  analysis  of  the  experimental  results  was  performed
using  Design-Expert  8.0  to  evaluate  the  effects  of  treatment
conditions on the experimental indicators and to establish predictive
models.  Grid  search  was  subsequently  used  for  parameter
optimization  in  the  midsection  of  chicken  feet  tarsometatarsal
bones,  with  peel  strength as  a  constraint.  Weight  coefficients  were
introduced  to  calculate  the  total  scores,  reflecting  the  relative
importance  of  each  TPA  indicator[28,29].  Parameter  combinations
satisfying  the  constraint  were  identified  according  to  the  score
range.  Response  surface  and  contour  analyses  were  further
conducted  to  visualize  the  effects  of  treatment  conditions  on  the
experimental  indicators  and  to  determine  the  optimal  treatment
range.

 3    Results and discussions
 3.1    TPA

The  results  of  the  TPA  experiment  based  on  the  central
composite  design  are  summarized  in  Table  2.  Different  treatment
conditions  produced  clear  variations  in  springiness,  hardness,
adhesiveness, and chewiness.

 
 

Table 2    Results of the TPA texture experiment of the central composite design
Run A: Heating temperature/°C B: Heating time/min C: Cooling temperature/°C Springiness/mm Hardness/N Adhesiveness/N Chewiness/mJ
1 95.0 5.00 25.0 3.242 16.412 10.658 41.607
2 87.5 1.25 12.5 2.428 9.996 6.079 13.626
3 87.5 10.50 33.5 2.995 9.749 14.042 55.586
4 95.0 5.00 0.0 3.278 13.308 8.345 27.357
5 95.0 16.00 25.0 3.245 4.302 2.803 9.096
6 74.9 10.50 12.5 3.606 10.940 7.212 25.970
7 87.5 10.50 12.5 4.182 12.394 10.182 42.576
8 80.0 5.00 0.0 2.156 8.078 3.428 6.785
9 95.0 16.00 0.0 3.611 8.543 5.936 21.436
10 87.5 10.50 12.5 4.174 14.087 10.792 45.044
11 87.5 10.50 -8.5 2.566 29.523 6.950 15.047
12 80.0 16.00 25.0 3.992 15.691 10.757 29.582
13 87.5 19.75 12.5 3.749 8.078 4.508 17.125
14 80.0 5.00 25.0 3.205 17.736 10.719 34.305
15 80.0 16.00 0.0 2.818 9.532 6.278 17.697
16 100.1 10.50 12.5 3.816 8.093 5.600 20.804
17 87.5 10.50 12.5 3.882 15.541 11.392 44.220

 

Overall, the textural indicators varied markedly under different
treatment  conditions.  These  changes  were  likely  associated  with
heating- and cooling-induced alterations in the protein network and
tissue structure[30,31].  Heating may promote protein denaturation and

aggregation,  thereby  affecting  hardness  and  related  texture
attributes[32,33].  Cooling  may  also  influence  moisture  redistribution
and  structural  reorganization,  which  contribute  to  changes  in
adhesiveness[34–36]. Chewiness was likewise affected by the combined
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variation  in  other  texture  attributes  under  different  treatment
conditions[37].  Heating  temperature,  heating  time,  and  cooling
temperature  all  affected  the  textural  properties  of  chicken  feet.
Higher  heating  temperature  and  prolonged  heating  time  tended  to
increase  hardness,  adhesiveness,  and  chewiness,  whereas  shorter
heating time was more favorable for retaining springiness. Cooling
temperature  also  played  an  important  role  in  determining  the  final
texture characteristics.

The results of the analysis of variance are presented in Table 3.
The regression models for hardness, springiness, adhesiveness, and
chewiness  were  all  significant.  Among  the  three  factors,  cooling
temperature showed the most consistent and significant effect on all
four  TPA  indicators,  whereas  heating  time  significantly  affected
hardness,  springiness,  and adhesiveness.  By comparison,  the effect
of  heating  temperature  was  relatively  limited.  Several  interaction
and quadratic terms were also significant, suggesting that the effects
of processing conditions on texture were not simply linear.

The regression models showed acceptable goodness of fit. The
R2  values  for  hardness,  springiness,  adhesiveness,  and  chewiness
were  0.9646,  0.9582,  0.9739,  and  0.9113,  respectively,  and  the
corresponding adjusted R2 values were 0.9056, 0.9044, 0.9404, and
0.7972.

As  shown  in  Figure  2,  the  residuals  exhibited  no  obvious
systematic  deviation,  indicating  that  the  regression  assumptions
were  generally  satisfied.  In  addition,  Figure  3  shows  good
agreement  between  the  predicted  and  experimental  values,
supporting the suitability of the developed models for describing the
TPA  responses  of  the  midsection  of  chicken  feet  tarsometatarsal
bones.

The  regression  coefficients  describing  the  relationships
between the process variables and the TPA indices are summarized
in Table 4.

The  change  in  peel  strength  is  primarily  attributed  to  thermal
denaturation.  Meanwhile,  the  changes  in  hardness,  adhesiveness,
and  chewiness  are  likely  associated  with  heating-  and  cooling-
induced  alterations  in  the  protein  network  and  tissue  structure  of
chicken  feet.  Heating  may  promote  protein  denaturation  and
aggregation, whereas cooling may influence moisture redistribution
and  structural  reorganization,  thereby  jointly  affecting  textural
properties. These results provide a quantitative basis for subsequent
optimization of deboning-related processing conditions[32,34-36].
 3.2    Peel test

The  results  of  the  peel  test  on  the  midsection  of  chicken  feet
tarsometatarsal  bones  are  presented  in  Table  5,  with  peel  strength
values ranging from 0.519 kN/m to 2.252 kN/m.

Higher  heating  temperatures,  such  as  95.0°C,  could  cause
significant  tissue  denaturation,  resulting  in  increased peel  strength.
On the other hand, lower heating temperatures, such as 80.0°C, may
lead  to  insufficient  denaturation  and  lower  peel  strength.
Importantly, optimal heating times, such as 10.50 min, could ensure
sufficient  tissue  denaturation  and  increase  peel  strength.
Conversely,  short  heating  times,  such  as  1.25  min,  may  result  in
decreased  peel  strength  due  to  insufficient  denaturation.
Additionally,  appropriate  cooling  temperatures,  such  as  12.5°C,
could  facilitate  tissue  recrystallization  and  increase  peel  strength.
However, higher cooling temperatures, such as 25.0°C, may impede
complete structural recovery, leading to decreased peel strength.

On the  basis  of  the  analysis  of  variance  (ANOVA)  results  for
peel  strength  (Table  6),  the  overall  regression  model  significantly
explained  peel  strength.  The  sum  of  squares  for  the  heating
temperature  is  0.48  with  1  degree  of  freedom,  a  mean  square  of

0.480,  and  an F-value  of  19.31,  indicating  a  significance  level  of
0.0007. For heating time, the sum of squares is 0.30, with 1 degree
of  freedom,  a  mean  square  of  0.300,  and  an  F-value  of  12.25,
indicating a significance level of 0.0039. The sum of squares for the
cooling  temperature  is  3.68,  with  1  degree  of  freedom,  a  mean
square of 3.680, and an F-value of 148.44, indicating a significance
level  of  less  than  0.0001.  These  results  indicate  that  the  heating
temperature,  heating  time,  and  cooling  temperature  significantly

 

Table 3    Analysis of variance results

Source Indicator Sum of
squares

Degrees of
freedom

Mean
square

F-
valueSignificance

Model

Hardness 503.10 10 50.31 16.34 0.0014
Springiness 5.67 9 0.63 17.81 0.0005
Adhesiveness 157.05 9 17.45 29.07 <0.0001
Chewiness 329.69 9 329.60 7.99 0.0060

A: Heating
temperature (°C)

Hardness 12.88 1 12.88 4.18 0.0868
Springiness 0.18 1 0.18 5.02 0.0601
Adhesiveness 2.77 1 2.77 4.61 0.0688
Chewiness 0.44 1 0.44 0.011 0.9210

B: Heating
time (min)

Hardness 31.36 1 31.36 10.18 0.0188
Springiness 1.18 1 0.18 33.22 0.0007
Adhesiveness 7.35 1 2.77 12.24 0.0100
Chewiness 50.87 1 0.44 1.23 0.3036

C: Cooling
temperature

(°C)

Hardness 195.50 1 195.50 63.50 0.0002
Springiness 0.47 1 0.47 13.35 0.0081
Adhesiveness 38.32 1 38.32 63.85 <0.0001
Chewiness 877.85 1 877.85 21.27 0.0025

AB

Hardness 33.14 1 33.14 10.77 0.0168
Springiness 0.15 1 0.15 4.37 0.0748
Adhesiveness 21.63 1 21.63 36.03 0.0005
Chewiness 248.88 1 248.88 6.03 0.0438

AC

Hardness 35.93 1 35.93 11.67 0.0142
Springiness 0.86 1 0.86 24.35 0.0017
Adhesiveness 19.81 1 19.81 33.01 0.0007
Chewiness 175.73 1 175.73 4.26 0.0780

BC

Hardness 14.70 1 14.70 4.77 0.0716
Springiness 5.289×10–3 1 5.289×10–3 0.15 0.7105
Adhesiveness 8.52 1 8.52 14.20 0.0070
Chewiness 222.88 1 222.88 5.40 0.0531

A2

Hardness 36.49 1 36.49 11.85 0.0138
Springiness 0.16 1 0.16 4.45 0.0728
Adhesiveness 25.75 1 25.75 42.90 0.0003
Chewiness 597.18 1 597.18 14.47 0.0067

B2

Hardness 43.69 1 43.69 14.19 0.0093
Springiness 1.29 1 1.29 36.45 0.0005
Adhesiveness 40.90 1 40.90 68.14 <0.0001
Chewiness 1152.44 1 1152.44 27.92 0.0011

C2

Hardness 35.66 1 35.66 11.58 0.0144
Springiness 2.25 1 2.25 63.65 <0.0001
Adhesiveness 0.048 1 0.048 0.080 0.7858
Chewiness 105.59 1 105.59 2.56 0.1538

A2C Hardness 197.17 1 197.17 64.04 0.0002

Residuals

Hardness 18.47 6 3.08 - -
Springiness 0.25 7 0.035 - -
Adhesiveness 4.20 7 0.60 - -
Chewiness 288.97 7 41.28 - -

Lack of fit

Hardness 13.51 4 3.38 1.36 0.4650
Springiness 0.19 5 0.038 1.29 0.4899
Adhesiveness 3.47 5 0.69 1.89 0.3807
Chewiness 285.81 5 57.16 36.20 0.0271

　June, 2026 Gao D M, et al.　Peeling characteristics of the tarsometatarsal bones and influencing factors for chicken feet peeling Vol. 19 No. 3 　 45　



affect  peel  strength.  The  influence  of  the  heating  temperature  and
heating time on the peel  strength may be relatively small,  whereas

the influence of  the cooling temperature is  significant.  The sum of
squares for residuals is 0.32, indicating a good fit of the model. The
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Figure 2    Normality plot of residuals for the midsection of the chicken feet tarsometatarsal bones
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Figure 3    Comparison plot of the predicted and experimental values for the TPA regression equation of springiness, hardness, adhesiveness,
and chewiness in the midsection of chicken feet tarsometatarsal bones

 

Table 4    Regression coefficients of the TPA response models

Response Intercept x1/°C x2/min x3/°C x1·x2 x1·x3 x2·x3 x2
1 x2

2 x2
3 x2

1 x3
y1/mm –22.744 52 0.462 00 0.587 93 0.396 64 –0.003 37 –0.003 50 –0.003 74 –0.002 10 –0.011 18 –0.002 86 0.000 00
y2/N –1338.68354 30.266 83 5.655 21 85.424 46 –0.049 34 –1.942 40 –0.019 72 –0.169 12 –0.065 08 0.011 38 0.010 97
y3/N –253.905 94 5.270 14 4.864 14 1.770 79 –0.039 85 –0.016 79 –0.015 01 –0.026 87 –0.062 96 –0.000 42 0.000 00
y4/mJ –1182.01229 24.711 88 19.459 12 6.311 60 –0.135 22 –0.049 99 –0.076 77 –0.129 39 –0.334 24 –0.019 59 0.000 00

Note: x1 is the heating temperature; x2 is the heating time; x3 is the cooling temperature. The response variables y1, y2, y3, and y4 represent springiness, hardness, adhesiveness,
and chewiness, respectively.
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lack-of-fit  F-value  is  4.37,  with  a  significance  level  of  0.2010,
suggesting a nonsignificant lack of fit. Therefore, the model fits the
data well, and a significant lack of fit is not indicated.
  

Table 5    Results of the peel test on the midsection of the
chicken feet tarsometatarsal bones

Run A: Heating
temperature/°C

B: Heating
time/min

C: Cooling
temperature/°C

Peel
strength/kN·m–1

1 95.0 5.00 25.0 1.848
2 87.5 1.25 12.5 1.360
3 87.5 10.50 33.5 2.252
4 95.0 5.00 0.0 0.567
5 95.0 16.00 25.0 1.394
6 74.9 10.50 12.5 1.780
7 87.5 10.50 12.5 1.195
8 80.0 5.00 0.0 0.959
9 95.0 16.00 0.0 0.636
10 87.5 10.50 12.5 1.262
11 87.5 10.50 –8.5 0.519
12 80.0 16.00 25.0 1.644
13 87.5 19.75 12.5 0.832
14 80.0 5.00 25.0 2.073
15 80.0 16.00 0.0 0.626
16 100.0 10.50 12.5 0.770
17 87.5 10.50 12.5 1.102
  

Table 6    ANOVA results for peel strength

Source Sum of
squares

Degrees of
freedom

Mean
square F-value Significance

Model 4.46 3 1.490 60.00 <0.0001
A: Heating temperature/°C 0.48 1 0.480 19.31 0.0007

B: Heating time/min 0.30 1 0.300 12.25 0.0039
C: Cooling temperature/°C 3.68 1 3.680 148.44 <0.0001

Residuals 0.32 13 0.025 - -
Lack of fit 0.31 11 0.028 4.37 0.2010

 

The R2  value  of  0.9326  suggests  that  factors  such  as  heating
temperature,  heating  time,  and  cooling  temperature  have  a
significant  effect  on  peel  strength  and  that  increasing  these  values
results  in  greater  peel  strength.  Additionally,  the  adjusted
coefficient  of  determination (adjusted R2) of  0.9171 shows that  the
model remains highly accurate even after accounting for degrees of
freedom.  The  adequate  precision  value  of  22.861  further  supports
the  model’s  reliability  in  predicting  peel  strength.  The  standard
distribution  plot  of  residuals  for  peel  strength  (Figure  4)  shows  a
nearly  linear  distribution  of  data  points  along  the  diagonal,
indicating  that  the  regression  model  can  explain  most  of  the
variation in  peel  strength  and that  the  residuals  approach a  normal
distribution.
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Figure 4    Standard distribution plot of the residuals for
peel strength

The  comparison  of  the  predicted  and  experimental  values
(Figure  5)  reveals  a  nearly  linear  distribution  along  the  diagonal,
indicating  strong  agreement  between  the  predicted  and  actual
values.  The  proximity  of  the  data  points  to  the  diagonal  suggests
minimal  deviations  between  the  predicted  and  actual  values,
reflecting the high accuracy of the regression model.
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Figure 5    Comparison plot between the predicted values and
experimental values of the peel strength regression equation

 

The regression equation strongly fits  the peel  strength data,  as
evidenced  by  the  correlation  metrics,  adequate  precision,  regular
distribution of residuals, and comparison between the predicted and
experimental  values.  The  model  is  able  to  explain  a  significant
portion  of  the  variation  in  peel  strength,  with  minimal  prediction
errors  and  a  strong  linear  relationship  between  the  predicted  and
experimental values.

These  findings  indicate  that  the  regression  equation  is  highly
effective  in  predicting  peel  strength.  The  equation,  expressed  in
Equation (2), relates the independent variables (heating temperature,
heating  time,  and  cooling  temperature)  to  the  dependent  variable
(peel strength) as follows:

y5 = 0.317 000 0−0.002 495 6x1−0.002 710 5x2+0.004 151 2x3 (2)

y5 x1

x2 x3

where,   is the peel strength, kN/m;   is the heating temperature,
°C;    is  the heating time,  min;  and    is  the cooling temperature,
°C.

The  fluorescence  imaging  results  provide  microstructural
evidence that the changes in peel strength are attributed to thermal
denaturation,  tissue  restructuring,  and  stabilization  during  cooling.
Proper processing facilitates peeling, while under- or over-treatment
leads  to  incomplete  softening  or  excessive  compactness.  Cooling
plays  a  dominant  role,  likely  due  to  moisture  redistribution  and
protein re-association. These results agree with previous studies[31-33,38].
Importantly,  this  study quantitatively  links  peel  strength  with  TPA
parameters for process optimization.
 3.3    Grid search

Based  on  the  good  agreement  between  the  predicted  and
experimental  values  for  both  the  TPA indicators  and  peel  strength
(Figures 3 and 5), the developed regression models were considered
reliable  for  subsequent  parameter  optimization by grid  search.  The
maximum score  of  the  parameter  model  was  21.48,  corresponding
to  the  optimal  combination  of  a  cooling  temperature  of  5.0°C,  a
heating  time  of  8.00  min,  and  a  heating  temperature  of  89.0°C.  A
total  of  565  parameter  combinations  with  scores  greater  than  or
equal to 20 were identified, with heating time ranging from 7.00 to
14.00 min, heating temperature from 84.0°C to 92.0°C, and cooling
temperature  from  0.0°C  to  16.0°C.  These  results  indicate  a
relatively  broad  processing  window  with  stable  overall
performance.

As  shown  in  Figure  6,  higher-score  parameter  combinations
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were mainly concentrated in the central region of the plot, whereas
lower-score combinations were more sparsely distributed toward the
periphery.  This  distribution  suggests  that  the  optimal  parameter
region was located near the center of the tested range.
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Figure 6    Parameter optimization scatter plot
 

 3.4    Fluorescence imaging analysis
The  fluorescence  images  of  the  treated  samples  stained  with

rhodamine  B  are  presented  in  Figure  7.  The  selected  samples
represent  different  levels  of  the  scoring  model,  with  Figure  7b
corresponding  to  the  optimal  condition  and Figure  7d  representing
the  lowest  score.  As  highlighted  by  the  red  circles,  the
nonfluorescent regions exhibit  distinct circular pore-like structures,
whose  size  and  distribution  vary  under  different  treatment
conditions.
 
 

a. Untreated sample (control) b. 80.0℃ for 5.00 min,
cooled at 0.0℃

c. 89.0℃ for 10.00 min,
cooled at 3.0℃

d. 95.0℃ for 16.00 min,
cooled at 25.0℃

0 500μm 0 500μm

0 500μm 0 500μm

Note: The red circles highlight representative nonfluorescent regions with circular
pore-like  structures,  which  are  associated  with  protein  aggregation  and
microstructural rearrangement. Differences in the size, distribution, and density of
these regions reflect variations in protein denaturation and structural organization
under different treatments.
Figure 7    Fluorescence imaging of chicken feet samples under

different treatment conditions
 

The fluorescent and nonfluorescent parts of Figure 7a exhibited
a uniform, dot-like distribution. This could indicate that the protein
molecules  are  not  adequately  bound  to  each  other,  preventing

denaturation  and  coalescence.  Consequently,  the  muscle  fibers  in
chicken  feet  are  softer,  and  the  connections  between  them  are
weaker.  The  nonfluorescent  parts  of  both Figure  7b and Figure  7d
are circular in shape. The distribution of circular pores in Figure 7d
is  denser  than  that  in  Figure  7b,  and  the  diameter  of  the  circular
pores in Figure 7d is larger than that in Figure 7b. This may indicate
excessive denaturation and coalescence of the protein in Figure 7d,
resulting  in  overly  tight  cross-links  between  protein  molecules,
which  can  make  the  muscle  fibers  of  the  chicken  feet  stiff  and
sticky,  affecting  their  texture  and  chewiness.  The  presence  of
irregularly  shaped,  highly  fluorescent  parts  in  Figure  7d  also
indicates excessive coalescence of the protein.

The  large  nonfluorescent  parts  in  Figure  7c  constitute  a
significantly smaller proportion of the total area. The nonfluorescent
parts are irregularly shaped and evenly distributed. The coalescence
of  the  nonfluorescent  parts  in  Figure  7c  may  indicate  moderate
denaturation, coagulation, and cross-linking of the proteins. Despite
this,  the  treatment  conditions  are  conducive  to  maintaining  the
tenderness of the muscle fibers, ensuring good taste and maturity of
the chicken feet.

The  untreated  chicken  feet,  serving  as  the  control  group,  are
depicted in Figure 7a. Figure 7b shows samples treated at a heating
temperature  of  80.0°C  for  5.00  min  and  then  cooled  at  0.0°C.
Figure 7c represents samples subjected to a heating temperature of
89.0°C  for  10.00  min,  followed  by  cooling  at  3.0°C.  Finally,
Figure 7d illustrates samples treated at a higher heating temperature
of  95.0°C  for  16.00  min  and  cooled  at  25.0°C.  All  samples  were
stained with rhodamine B to enable fluorescence imaging.

The  fluorescence  imaging  results  provide  microstructural
evidence  supporting  the  observed  differences  in  peel  strength  and
TPA parameters. Samples with uniformly distributed nonfluorescent
regions exhibited a better balance between peeling performance and
texture  quality,  suggesting  that  moderate  protein  denaturation  and
cross-linking  are  beneficial.  In  contrast,  overly  dense  regions
indicate excessive aggregation and structural stiffening, which may
negatively  affect  tenderness  and  chewiness.  Overall,  these  results
confirm  that  macroscopic  texture  and  peel  strength  are  closely
associated  with  microstructural  reorganization  under  different
processing conditions.

 4    Conclusions
This  study developed a  novel  process  optimization framework

for  chicken  feet  tarsometatarsal  bones  by  integrating  peel  strength
constraints with texture profile analysis (TPA) and implementing a
grid search strategy.  Unlike conventional  approaches that  focus on
single  quality  attributes,  the  proposed  method  enables  the
simultaneous evaluation and optimization of  mechanical  properties
and  textural  characteristics.  The  optimal  processing  condition
(cooling  at  5.0°C,  heating  for  8.00  min,  and  heating  at  89.0°C)
achieved the best overall performance, while a relatively broad and
stable  processing  window  was  also  identified,  demonstrating  the
robustness  of  the  approach.  Among  the  examined  factors,  cooling
temperature exhibited a more pronounced influence on peel strength
than heating time and heating temperature, highlighting the critical
role  of  thermal  history  in  regulating  protein  structural  transitions
and  moisture  redistribution.  In  addition,  the  selected  processing
parameters  significantly  affected  key  textural  attributes,  including
hardness,  springiness,  adhesiveness,  and  chewiness,  confirming
their  comprehensive  impact  on  product  quality.  Overall,  this  study
not  only  provides  a  quantitative  and  mechanistically  informed
strategy for optimizing deboning conditions, but also offers a novel
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perspective  for  integrating  multi-attribute  quality  evaluation  in
poultry  processing,  with  practical  implications  for  improving
processing efficiency and product standardization.
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